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ABSTRACT
Formation, Functionalization, Characterization, and Applications of a Mixed-Mode,
Carbon/Diamond-Based, Core-Shell Phase for High Performance Liquid Chromatography
Landon Andrew Wiest
Department of Chemistry and Biochemistry, BYU
Doctor of Philosophy
My work has focused on a variety of different types of diamond-based, core-shell
particles. These particles are formed with inert cores and poly(allylamine)/nanodiamond shells.
Their intended purpose is to form an LC stationary phase that is stable from pH 1 – 14 and at
elevated temperatures. At the beginning of my studies, the particles that had been made in the
Linford laboratory were pH stable, but irregular and had poor mechanical stability. Since that
time, I have worked to improve the particles by using more spherical zirconia and carbon cores,
and I have improved their mechanical stability via chemical crosslinking with epoxides. I have
performed van Deemter and van’t Hoff analyses to understand the properties of these columns.
Efficiencies greater than 100,000 N/m are routinely achieved with these carbon/nanodiamondbased phases. In addition I contributed to two patents that show innovations in diamond
functionalization. My contributions involved reduction of an oxidized diamond surface with
LiAlH4 prior to functionalization with isocyanates. I also wrote some application notes for the
Flare mixed-mode column, which was recently introduced to the market and contains particles
comprised of a carbon core and a polymer/nanodiamond shell. These application notes show the
gradient separations of four essential oils (lavender, melaleuca, peppermint and eucalyptus), and
the isocratic separations of various triazine herbicides and a mixture of β2-agonists and
amphetamines.
This dissertation contains the following sections. Chapter 1 is a review of liquid
chromatographic history and theory. It also includes a history of the use of diamonds in liquid
chromatography. Chapter 2 is a study on a glassy carbon core - polymer/nanodiamond shell
particle made in our laboratory. Stability studies at pH 11.3 and 13 were performed and different
analytes were retained and/or separated on the column. Chapter 3 is a study performed on the
Flare mixed-mode column. Separations of tricyclic antidepressants, β2-andrenergic receptor
agonists, and linear chain alkylbenzenes were demonstrated with this phase. Van Deemter and
van’t Hoff studies were also performed to probe the efficiency and selectivity of this column
with different classes of analytes. Chapter 4 chronicles, via SEM and van Deemter analysis, the
improvements that have taken place in our column after many iterations of improved synthetic
methods and new materials. These include better particle uniformity, particle stability, and
column efficiency. Three different carbon cores were analyzed, each better than the previous
one. Appendices 1 – 6 are application notes published by Diamond Analytics of β2-andrenergic
receptor agonists and amphetamines, triazine herbicides, and lavender, melaleuca, eucalyptus
and peppermint essential oils. Appendices 7 and 8 are patents that contain ideas and research
contributed by the author.
Keywords: diamond, reversed-phase chromatography, mixed-mode, scanning electron
microscopy, liquid chromatography, elevated temperature chromatography, van’t Hoff plots, van
Deemter curves
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Chapter 1: Brief History of Chromatography, Chromatographic Theory and
Diamond-Based Chromatography

1.1 Foundational Applications and Theory
Chromatography, which translates to “color writing,” was named by Tswett, who used it
to separate plant pigments like chlorophyll (green) and carotenoids (orange and yellow).1-3 He
used calcium carbonate as his stationary phase and petroleum ether as the mobile phase. His
monumental studies were the first documented chromatographic separations. The initial theories
of partition chromatography were later proposed in 1941 by Martin and Synge,4 which earned
them the Nobel Prize in Chemistry in 1952.
The work by Martin and Synge marked the first time silica gel had been used as a
stationary phase/support that held water on its surface while an organic solvent flowed through
the column. Analytes, such as amino acids and other organic compounds in wool, would
partition between the stationary and mobile phases and elute individually. This work also
established the use of the height equivalent of a theoretical plate (HETP) in chromatography.
When this original theory was proposed, distillation columns, from which the theoretical plate
concept had originated, had HETP efficiencies on the order of 1 cm. The initial columns created
by Martin and Synge had HETPs of 20 µm.
When Martin and Synge published their theory of chromatography, they assumed, as did
others, that chromatography was analogous to distillation in the way it purified or separated
compounds. Their work was the first valid theory of chromatography. To simplify the equations
supporting their theory, they had to assume that the diffusion of a solute from one ‘plate’ to
another was negligible, and that at equilibrium the distribution ratio of a solute between the
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mobile phase and the stationary phase was independent of concentration and the presence of
other solutes.
From their observations, they recognized that HETP was dependent upon “factors
controlling diffusion” and the flow rate of the mobile phase. According to their findings, the
HETP was proportional to the flow rate of the mobile phase and the square of the particle
diameter. They noted that efficiency increases (HETP decreases) as particle size decreases. Their
theory also took into account the ability of the analyte to diffuse. If the analyte had a difficult
time diffusing, e.g., a large protein, it would have a poorer efficiency than a smaller analyte.
When considering the limitations of their own theory, they recognized that (1) the
partition coefficient is not usually constant, (2) peak asymmetry resulting from high solute
concentration can be mitigated by lowering solute concentration, (3) interactions between
analytes do occur and, according to their theory, can actually assist in the separation efficiency
between two analytes and (4) a considerable loss in efficiency comes from a lack of uniform
fluid flow through the column bed.
Giddings was also a significant figure in defining the theory and fundamentals of
chromatography.5-11 Much of his work focused on the fundamentals of gas chromatography,12,13
and he pioneered field flow fractionation, which is a single phase separation technique.14 Using
his understanding of gas chromatography, he theorized that a thin film of stationary phase
surrounding small particles packed in a small diameter column should improve the resolving
power in liquid chromatography (LC).
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1.2 Van Deemter Theory
In an effort to describe the effects of longitudinal diffusion and resistance to mass transfer
on band broadening/plate height, van Deemter et al.,15 and others,16 derived equations that are
known as van Deemter equations. The original form of the equation is as follows:
𝐻 = 2𝜆𝑑𝑝 + 2𝛾

𝐷𝐼
𝑢

+

8

𝜋2

𝐾𝐹𝐼 𝑢𝑑𝑓2

(1+𝐾𝐹𝐼 /𝐹𝐼𝐼 )2𝐷𝐼𝐼 𝐹𝐼𝐼

( 1.1 )

where λ is the eddy diffusion factor, dp is the particle diameter, γ is the labyrinth factor, DI is the
molecular diffusivity of the analyte in the mobile phase, DII is its molecular diffusivity in the
stationary phase, u is the linear velocity of the mobile phase, K is the distribution factor, FI is the
fractional volume of the mobile phase, FII is the fractional volume of the stationary phase, and df
is the effective liquid film thickness. The van Deemter equation is often written in the following
form for packed columns:
𝐻 = 2𝜆𝑑𝑝 +

2𝛾𝐷𝑀
𝑢

𝜔𝑑2

+ �𝐷 𝑝 +
𝑀

𝑅𝑑𝑓2 𝜇
𝐷𝑆

�𝑢

( 1.2 )

where DM is the diffusion coefficient of the analyte in the mobile phase, Ds is the diffusion
coefficient of the analyte in the stationary phase, and ω and R are constants. The van Deemter
equation has been further simplified to the following very familiar form:
𝐻 = 𝐴 + 𝐵/𝑢 + 𝐶𝑢

( 1.3 )

where the A-term is the eddy diffusion term attributed to band broadening caused by multiple
pathways, the B-term accounts for longitudinal diffusion, and the C-term is from broadening
caused by resistance to mass transfer.
Another simplified form of the van Deemter equation separates the C-term into two
components, rather than a single component as seen in Equation 1.3. This form takes into
account the resistance to mass transfer in the stationary phase and the mobile phase as seen here:
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𝐵

𝐻 = 𝐴 + + (𝐶𝑆 + 𝐶𝑀 )𝑢
𝑢

( 1.4 )

In this form, CS is the resistance to mass transfer in the stationary phase and CM is the resistance
to mass transfer in the mobile phase. Each of these expressions can be explained as follows:
𝐶𝑆 ∝

𝑑𝑓2

( 1.5 )

𝑑2

( 1.6 )

𝐷𝑠

𝐶𝑀 ∝ 𝐷 𝑝

𝑀

As it is, of course, desirable to have smaller plate heights, the smaller each term is in the
van Deemter equation, the smaller H becomes, which results in an improved optimal efficiency.
Simply put, poor packing and larger particle diameters increase the A-term. Extra time in the
mobile phase as a result of lower linear velocity increases the B-term. Smaller analytes diffuse
more readily than larger ones, also leading to an increased B-term. Higher flow rates along with
greater stationary phase film thicknesses result in an increased C-term or more resistance to mass
transfer. The C-term is also affected by the diffusion of solutes into and out of fully porous
particles, i.e., it depends on dp2, hence the development of fused-core17 or core-shell18 particles
that provide shorter flow paths and, consequently, smaller C-terms. One can find the best
possible efficiency under a given set of conditions by performing a van Deemter analysis. This is
done by measuring H for a range of linear velocities and thereafter working at the linear velocity
at the van Deemter minimum (Hmin) where efficiency is highest.

1.3 Peak Resolution
While efficiency is an important parameter that contributes to the usefulness of a column,
other factors must be taken into account in a separation. That is, efficiency alone is insufficient to
guarantee an acceptable separation, and sufficient resolution, R, must be present to allow critical
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pairs of peaks (closely eluting analytes) to be separated. Knox, Said and Purnell have proposed
different equations for calculating resolution.

The Knox Resolution Equation is:19
𝑅𝑠 = �

The Exact Resolution Equation by Said is:20

𝑁
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𝑘

⋅ 1+𝑘1 ⋅ 𝛼 − 1

𝑁

𝑅𝑠 = � ⋅
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And the Purnell Resolution Equation is:21

𝑅𝑠 = �

𝑁
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2

𝑘

⋅

𝑘+1

⋅𝑘

𝑘2

2 +1

𝛼−1
𝛼+1

⋅

𝛼−1
𝛼

( 1.7 )

( 1.8 )

( 1.9 )

Where N is the number of theoretical plates for each analyte:
𝑡

𝑁 = 5.545 �𝑊 𝑟 �
1/2

𝑡

𝑁 = 16 �𝑊𝑟 �

2

2

( 1.10 )
( 1.11 )

with W representing the full peak width at baseline, W1/2 expressing the peak width at half height,
and tr equaling the solute retention time.

The capacity or retention factor, k, is given by:
𝑘=

𝑡𝑟 −𝑡𝑚
𝑡𝑚

( 1.12 )

where tm is the dead time or elution time for an unretained species. The selectivity factor, α, is
defined as follows:
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𝑘

𝛼 = 𝑘2
1

( 1.13 )

The Knox, Said and Purnell resolution equations give similar results – they share the
same variables: number of plates, retention factor, and selectivity, with similar relationships
between them. Of the three, the Knox equation gives the highest prediction of resolution while
the Purnell equation provides the most conservative prediction and will be used here for the
discussion of resolution in chromatography. When considering the same analytes, Said’s “exact
resolution equation” actually yields Rs values that are the averages of the Knox and Purnell
results. For any of the three equations, peak widths are assumed to be identical and Rs must be
greater than 1.5 for a critical pair to be considered completely resolved.
To separate a critical pair, it may be possible to manipulate N, k, and α in the resolution
equations to produce the desired resolution.22 Perhaps the easiest variable to change is k as one
must only weaken the mobile phase to increase it. However, either very large or very small
values of k are less than optimal. When k is small and the retention time approaches tm, the
middle term of the resolution equation approaches 0, which reduces the resolution to zero. On
the other hand, as retention increases, k approaches its maximum possible value of 1.
Accordingly, it is typically recommended that the retention factor range from 2 – 10, or at most
from 2 – 20, because beyond these values, little improvement in resolution will be obtained as an
analyte simply spends more time on the column, ineffectively increasing the separation time and
increasing the analyte peak width.23 Selectivity and efficiency will be discussed in greater detail
in the following sections.
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1.3.1 Leveraging Efficiency
In general, the best options available for increasing resolution by increasing the number
of plates (efficiency) in a separation are (1) performing a van Deemter analysis to find the
optimal flow rate, which as noted corresponds to optimal resolution for a given set of conditions,
(2) changing the length of the column (efficiency is directly proportional to column length), or
(3) decreasing the particle diameter. Options (2) and (3) result in greater system back pressures
and/or a need for a different column. Clearly, however, there is a diminishing return in the
effects of N in the resolution equation because resolution goes as N1/2. Accordingly, efforts are
sometimes more focused on changing selectivity to achieve a desired resolution. The effects of α
will be discussed below and changing the selectivity can be an important way to improve
resolution in a separation. In practice, other factors, such as solute concentration and peak tailing
also affect the resolution of peaks.22

1.3.2 Responses and Consequences to the Need for Greater Efficiency
As the need for greater efficiency and faster analysis time has increased, particle sizes
have decreased. These changes have followed the predictions of chromatographic theory.24,25 For
example, as noted above, if particle size decreases, the A-term also decreases, allowing for lower
plate heights and increased efficiency. Particles now exist that are less than 2 µm in diameter,
allowing for very fast, high resolution separations. Consequently, as the C-term also depends on
particle diameter, dp, these smaller diameter particles would also give better mass transfer over
larger diameter particles.
However these advantages come at a price.26 Smaller particles decrease the permeability
of the particle bed, thereby increasing the column back pressure, which goes as 1/dp2. This results

7

in increased stress on the pump and other instrument components. Accordingly, new instruments
have been developed that can withstand pressures greater than 15 000 psi.27-29 These elevated
pressures can lead to frictional heating within beds of particles, which may lead to thermal
gradients in the column that decrease separation efficiencies.27,30,31
decrease the A- and C-terms, resulting in lower plate heights, other types of particles with solid
cores and porous shells, i.e., superficially porous particles,32,33 have also been developed that can
give similar efficiencies without causing as large an increase in column back pressure.

1.3.2.1 Pellicular, Fused-Core and Core-Shell Particles
Pellicular phases were first introduced by Horvath et al.34 in 1967 as ion exchangers, and
Kirkland introduced controlled surface porosity supports for HPLC two years later.35 While these
fused core, core-shell, or pellicular particles34,36-40 have been used for many years, they never
found the same mainstream adoption or usage as fully porous supports. In 1999, Knox41
proposed that these “long neglected packings” could be used at higher flow rates because their
thin porous shells could improve mass transfer. Superficially porous packings have now found
mainstream acceptance since their revival in 2007.17 Today, these particles have been accepted
as high efficiency alternatives to the sub-2 µm fully porous particles.42-44
The impetus behind the superficially porous supports is the decrease in the A- and Cterms they offer. Typically, core-shell particles have greater particle uniformity than fully-porous
supports resulting in less eddy diffusion. The C-term is reduced because the accessible diffusion
paths are less in core-shell particles than for comparable fully porous particles, reducing the
resistance to mass transfer. This allows for faster separations without as drastic a decrease in
efficiency as is observed with fully porous particles at higher flow rates. Indeed, in many cases,
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relatively flat van Deemter curves are obtained for core-shell particles, i.e., efficiencies do not
decrease substantially with mobile phase velocity. When reduced plate heights of coreshell/fused core particles are compared to fully porous supports, core-shell particles typically
have smaller reduced plate heights. 42,44-49

1.3.3 Leveraging Selectivity with the Mobile Phase
While the relatively new core-shell particles have leveraged efficiency to attain better
resolution, another important “lever” that can still be pulled to achieve baseline separations is
selectivity. To affect a change in the selectivity factor, α, the retention times of the solutes must
change relative to each other. This can often be accomplished by altering the mobile phase or
changing the stationary phase, i.e., installing a column with a different selectivity. Changing the
mobile phase is likely the easiest of these two options as tables exist that help one predict
equivalent hydrophobicities between organic modifiers, allowing nearly the same retentions to be
maintained between separations.50 If acids or bases are being analyzed, changing the mobile
phase pH,51-53 buffers,54 or buffer concentration,55 or even altering the ionic strength of the
mobile phase can also have profound effects on the selectivity of a separation.52,53,56-58

1.3.4 Changing the Selectivity by Changing the Stationary Phase
When changes to a mobile phase do not sufficiently improve a separation, a new column
with a different selectivity may be used. Hundreds of different phases with different selectivities
have been developed. Most of these have been created by functionalizing silica gel, which in its
underivatized form is commonly used in flash chromatography for the purification of organic
compounds and which alone has been used for gel permeation chromatography59 and normal
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phase HPLC.60 With the need for different column selectivities, numerous alkyl phases,
especially C18 (octadecyl silane, ODS), have been created on silica as reversed-phases.61,62
Indeed, when reversed-phase chromatography was first developed in the 1950s63,64 and began to
be widely used in the 1970s,62,65-71 debates arose as to whether the retention mechanism was
based on partitioning or adsorption.72 And while to some degree this debate continues, there is no
question as to the usefulness of this phase. Interestingly, the many reversed-phase C18 columns
now available from the different manufacturers often show quite different selectivities. Even
silica itself comes in two different types: there is the Type-A silica,73 which has more metal
impurities, and the newer Type-B silica.74-76 As expected, both these materials show different
selectivities.
Other non-silica based supports77 or packing materials such as zirconia,78-91 porous
graphitic carbon (PGC),92-112 other metal oxides,113,114 and carbon-based,115-117 polymerbased,118,119 and diamond-based120-125 particles also exist and give unique selectivities and
stabilities for a variety of LC separations. While each of these packing materials has its own
unique characteristics, ODS is still used by the vast majority of chromatographers, as its
selectivity is quite well known and it is remarkably effective in separating many diverse
mixtures. Nevertheless, there have always been and continue to be mixtures that require
selectivities beyond what C18 phases can offer.

1.4 Limitations of Reversed-Phases on SiO 2
Many types of compounds are separated using reversed-phase chromatography, yet
certain classes, such as bases, still remain difficult to separate because of limitations126
associated with silica as a phase support, i.e., there is still a need for improvements to C18
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stationary phase technology.127 Bases, in particular, are better retained when they are neutral – at
a pH about one pKa unit above the pKa values of their conjugate acids, which is around pH 10 or
11. However, elevated pH values challenge most silica-based phases – it is well known that silica
has limited pH stability.126 At lower pH values (ca. pH 2 or below) silane ligands hydrolyze from
the silica support. At higher pH values (ca. pH 8 and above), the silica itself is etched. Another
drawback of many columns is limited capacity or overloading, which leads to poor peak
shape.118,128,129

1.4.1 Importance of Basic Analytes and Examples of Phase Stability Under Extreme pH
Conditions
Because ca. 70% of all pharmaceuticals are bases,130 and because liquid chromarography
is an extremely important analytical technique for the pharmaceutical industries, this is an
important class of compounds in separation science. If analyzed at lower pH values where they
are protonated, these compounds may be separated by cation exchange chromatography.37,131
Nevertheless, many still desire to use a reversed-phase mechanism. To meet this challenge,130
different reversed phases have been considered, including organic/inorganic hybrid phases.132-136
Hydrophilic interaction chromatography has also been considered as a method to separate these
compounds.137
Hybrid organic/inorganic phases have drastically increased the pH stability of silicabased particles. These hybrid phases are made by replacing some of the tetraethoxysilane
(Si(OCH2CH3)4) used to make the particles with a silane containing either a methyl
(Si(OCH2CH3)3CH3) or an ethylene group ((CH3CH2O)3SiCH2CH2Si(OCH2CH3)3). In many
regards, they represent a great improvement in stability over traditional silica-based reversed
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phases. Success in separating bases has been obtained with these columns, yet column
manufacturers advise that temperatures above 80 °C not be exceeded when working at low pH,
and temperatures above 60 °C not be used when operating under high pH conditions with bonded
ethylene hybrid (BEH) columns. However, a high temperature stability study performed by
Teutenberg et al. showed that a BEH column from Waters was virtually unaffected by 90:10
water/methanol at 150 °C for over 25 h.138 Other studies also suggest that this column is stable
up to 200 °C over extended periods of time.139,140 Phases stable at low pH have also been
developed on silica by hyper crosslinking chlorinated polymers onto a phenyl bonded silica
surface via a Friedel-Crafts alkylation.141-143 Further functionalization has given these materials
reversed-phase selectivity and they have shown excellent stability under low pH, but not elevated
pH, conditions.

1.5 Van’t Hoff Equation
As temperature changes, thermodynamics influences a separation.139,144-147 To
quantitatively understand these effects, two classical definitions of the Gibbs free energy, ΔG°,
are combined: the relationship between ΔG° and the equilibrium constant, K:

and the Gibbs-Holmholtz equation:

∆𝐺° = −𝑅𝑇 𝑙𝑛𝐾

( 1.14 )

∆𝐺° = ∆𝐻° − 𝑇∆𝑆°

( 1.15 )

where ΔH° and ΔS° are the enthalpy and entropy of transfer of the analyte from the mobile phase
to the stationary phase, respectively, and T is the absolute temperature. By setting the two
equations equal to each other, the following equation is obtained:
−𝑅𝑇 ln 𝐾 = ∆𝐻° − 𝑇∆𝑆°
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( 1.16 )

Simplification of this expression results in:
ln 𝐾 = −

∆𝐻°
𝑅𝑇

+

∆𝑆°
𝑅

( 1.17 )

which is the classic van’t Hoff equation. For this equation to be useful in chromatography, we
use the following expression, which relates the equilibrium consant, K, to the retention factor, k:
𝐾=

𝑘

( 1.18 )

Φ

where Φ is the phase ratio. This substitution yields:
ln

𝑘

Φ

=−

∆𝐻°
𝑅𝑇

+

∆𝑆°
𝑅

( 1.19 )

leading to the version of the van’t Hoff equation that is in a form useful to chromatographers:
ln 𝑘 = −

∆𝐻°
𝑅𝑇

+

∆𝑆°
𝑅

+ 𝑙𝑛Φ

( 1.20)

When ln k is plotted vs. 1/T, a linear relationship is often observed. Linear regression of the
resulting line gives a slope (-ΔH°/R) from which ΔH° can be easily calculated. From the
intercept (∆S°/R+lnΦ), ΔS° can be found if the phase ratio is known (often it is not). To better
understand the selectivity of a column for a given class of analytes, a homologous series of the
analytes can be injected at different temperatures and ΔH° and ∆S° calculated.144,145

1.6 Elevated/High Temperature Chromatography
Depending on the types of analytes, temperature69,71,144,148-152 can have an effect on the
selectivity153-156 and efficiency157 of a separation. Increased temperature is often used to increase
the speed of a separation158 as it increases the effect of the entropy term in Equation 1.15.147,159
Furthermore, it changes the static permitivity of the mobile phase – water effectively becomes
less polar with increasing temperature.160 That is, increased temperatures causes mobile phases to
behave similarly to unheated mobile phases with more organic modifier. The effect of
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temperature, however, on basic analytes is rather unexpected.161,162 A study performed by
McCalley161 found that increasing temperatures actually increase the retention of basic analytes
at pH 3 and 7, rather than decrease them.
Similar to mobile phase gradients, temperature gradients can also be used in liquid
chromatography.163,164 Indeed, as suggested above, the effect of temperature on water is so
drastic that water alone can be used as a stationary phase at elevated temperature157,165,166
because its static permittivity is similar to that of methanol at elevated temperatures. Separations
of anticancer drugs have been performed by Teutenberg et al.165 and Yang et al.157 using FID
detection from a water-only mobile phase at elevated temperature. Obviously, water-only
separations are very environmentally friendly. However, high temperature water can be quite
corrosive, so proper columns, fittings, and other hardware should be employed. Well-designed
column ovens and narrow columns can help to limit thermal gradient and thermal equilibration
issues, especially when thermal programming is employed.
As elevated temperatures can damage particles, stability tests have been performed on
numerous phases to validate them.138,139,167,168 Column instability at high temperatures is
generally associated with one of two issues: (1) the mobile phase can react more readily with the
particles, perhaps hydrolyzing silane ligands or dissolving the support, and (2) thermal expansion
and contraction of the column housing and packed particle bed occurs as temperatures increase
and decrease, often resulting in an increasingly poorly packed column. This results in an
increased A-term and decreased column efficiency.
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1.7 Diamond-Based Chromatography
As has been demonstrated, numerous chromatographic phases and columns exist. And
while reversed phases and supports have been developed that exhibit either outstanding pH or
thermal stability, only the BEH phase (XBridge, Waters, Bedford, MA) shows stability under
extremes of both pH and temperature. Research in the Linford group at BYU has focused on the
development of a diamond/carbon-based column that can withstand both kinds of stresses, and
that show unique selectivity compared to silica-based C18 columns. We believe that diamond and
carbon-based materials might be the key to a column with excellent durability.
The first mention of the use of diamonds in chromatography was by Telepchak.169 He
claimed that natural diamonds should be an excellent reversed-phase chromatographic material
as they are inert – according to his understanding, they are terminated in hydrogen and, therefore,
very hydrophobic. Columns packed with diamond particles in his study showed a plate height of
660 µm. While a column packed with natural diamonds could be cost prohibitive, synthetic
diamonds are much more affordable. These diamonds show heterogeneous surfaces170 with many
different oxygen-containing moieties, e.g., hydroxyl, carbonyl, carboxyl, and epoxide groups.
These diamonds, when left unreacted, are not well suited for reversed-phase separations, but
might be used in different types of chromatography.
Fedyanina et al.120 and Nesterenko et al.121,171,172 separated different classes of
compounds using microdispersed sintered detonation nanodiamonds (MSDNs). Fedyanina
separated benzoic acids on MSDNs in water/methanol mobile phases and noticed that the
retention mechanism depended on the dissociation constant of the tested solutes. Nesterenko
performed ion exchange and normal phase chromatography using MSDNs with varying degrees
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of success. He achieved efficiencies of 45,300 N/m (plates/m), which at the time was a
significant leap forward in the efficiency of diamond-based chromatographic materials.

1.8 Contributions of the Linford Group to Diamond-Based Chromatography
The Linford group saw diamonds as an excellent candidate for a chromatographic support
because they exhibit excellent chemical inertness and thermal conductivity. The first steps taken
by the Linford group were to discover how to functionalize the diamond surface. Its natural
inertness made these studies challenging. Accordingly, the first attempts to functionalize the
diamond surface were performed by Saini, Linford, and coworkers.173 The diamond surface was
cleaned with piranha solution to expose its oxidized surface and then coated with a primary
amine-containing polymer: poly(allylamine) (PAAm). This surface was cured at 115 °C under
vacuum or chemically crosslinked with 1,2,5,6-diepoxycyclooctane. The PAAm-coated diamond
was then used as a solid-phase extraction (SPE) medium. Lipid extractions were demonstrated
and the particles showed excellent stability from pH 1 to 14 for many hours as evidenced by little
or no loss of the N1s peak in x-ray photoelectron spectroscopy (XPS). SPE cartridges packed
with this material showed excellent recovery of the extracted analytes. However, as the material
had no porosity, analyte capacity was low.
The next study performed by Saini, Wiest, Linford et al.174 showed the first development
of a reversed-phase on diamond via the reaction of PAAm-coated diamonds with hydrophobic,
long alkyl chain isocyanate ligands. This isocyanate chemistry bonded alkyl chains to the
surfaces through robust urea linkages. Octyl isocyanate, octadecyl isocyanate, and
heptadecafluoro isocyanate were reacted with the PAAm surface to create hydrophobic phases
for SPE. These reactions were monitored by diffuse reflectance infrared Fourier transform
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(DRIFT) spectroscopy and XPS. SPE cartridges made with these diamond particles still had
limited capacity (14.5 µg, diazinon), but exhibited high recoveries of the analytes tested.
Yang, Linford, and coworkers175 attempted to functionalize the diamond surface by
treating hydrogen- or deuterium-terminated nanodiamond with di-tert-amyl peroxide, styrene,
and divinylbenzene (DVB) to create a polystyrene coated/encapsulated diamond material. The
surface was then sulfonated by exposure to sulfuric acid. Both DVB-coated diamond and
sulfonated DVB-coated diamond particles were used as SPE sorbents. These were also tested
under basic conditions and showed excellent stability.
In an effort to form a diamond-based stationary phase with sufficient capacity and
efficiency to be used as an HPLC phase, Saini, Wiest, Linford, and coworkers176 developed
diamond core-shell particles by coating irregular (non-spherical) PAAm-coated, micron-sized
diamond particles with nanodiamond. These particles were then coated again with PAAm and
recoated with nanodiamond so as to increase the porous shell thickness of the support. After 28
bilayers of this layer-by-layer process, the particles were crosslinked with a cyclic diepoxide to
add structural stability to the support. These particles were used as both SPE and HPLC sorbents.
As more bilayers of PAAm and nanodiamond were added to the core particles, the analyte
capacity of the particles increased in SPE. When used as an HPLC sorbent, Saini could
successfully separate mixtures of benzophenone and nitrobenzene with this relatively hydrophilic
phase. Another more hydrophobic phase treated with 1,2-epoxyoctadecane allowed the
separation of a mixture of benzene, toluene, xylene, and mesitylene (36,300 N/m, k = 2.62) and
also cyanazine and diazinon (54,800 N/m, k = 1.76). All of these separations occurred with
triethylamine (TEA) as an additive to deprotonate the amine-containing surface. The crosslinked
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material showed excellent stability, but the core-shell particles treated with only 1,2epoxyoctadecane were not mechanically stable as they were not crosslinked.
As our original core-shell particles for HPLC were formed with irregular diamond cores,
our next step was to build particles from spherical cores to improve the A-term. To this end,
zirconia was used as the core material as it is known to be chemically inert and could be obtained
commercially in spherical form. The 2 µm spherical zirconia particles so obtained from
ZirChrom were first etched in hot, aqueous sodium hydroxide overnight. This treatment exposed
the oxide to which PAAm was applied. These PAAm-terminated zirconia particles were then
treated in an alternating fashion with nanodiamond and PAAm to build up ca. 0.5 µm shells (28
nanodiamond/PAAm bilayers). The growth of these particles was monitored by SEM. When the
electron accelerating voltage was set at 30 keV, contrast became apparent between the carbonbased shell and the zirconia core because of the higher atomic number of the zirconium. To
further confirm the shell thickness, the particles were ion milled using a focused Ga+ ion beam,
after which their cross sections were analyzed. After the layer-by-layer deposition, the particles
were functionalized with a C18 ligand using 1,2-epoxyoctadecane and then packed into a 4.6 mm
× 30 mm column. Separations were performed using an alkylbenzene test mixture. The analytes
showed good peak symmetry in the resulting chromatograms and the mesitylene peak showed an
efficiency of 41,700 N/m (k = 8.16). Similar to our previous C18 phases, this phase had a short
lifetime and degraded rapidly with use, as evidenced by decreasing retention times. SEM also
showed that the nanodiamond/polymer shells had been damaged after use, suggesting
mechanical instability. (For further information see Chapter 4.)
Zirconia proved to be cost prohibitive as a core material, so a different spherical material
was sought. Fortunately, Supelco donated some glassy carbon spherical carbon particles to us.
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The same PAAm/nanodiamond bilayer deposition was then performed on these particles.
However, their final functionalization was altered slightly. To give greater mechanical stability
to the particles, a diepoxide crosslinker was added to the 1,2-epoxyoctadecane in a 1:20 ratio.
The resulting particles were then packed in 4.6 mm × 30 mm columns, which were found to be
much more stable than the previous columns of uncrosslinked, reversed-phase particles. These
particles also withstood high pH mobile phases and showed little to no degradation at pH 11.3 or
even pH 13 over 2,600 column volumes. Van Deemter curves of this material showed high Cterms. These van Deemter studies, along with SEM and light scattering/particle size distribution
(PSD) measurements showed that particle agglomerates were present.
To improve the PSD, some particles were sieved and others were sonicated after each
bilayer deposition. These particles were then sieved after the desired shell thickness had been
achieved (ca. 30 bilayers). PSDs were determined by taking PAAm-coated particles and
measuring them in a light scatting PSD instrument. The more uniform the particle PSD became,
the lower the C-terms in the corresponding columns, which suggested that the distance the
solutes needed to diffuse had been lowered, i.e., lower resistance to mass transfer. The material
without sonication showed an optimal efficiency of 56,000 (k = 1.70) – 71,000 N/m (k = 13.4),
however on a UHPLC system, where a specialized “sandwich” injection was performed,
efficiencies of 120,000 N/m (k = 2.04) were achieved. These were the best efficiencies we have
obtained with a diamond-based column, however an exotic injection method was used to
decrease band broadening. Other analytes could also be retained on the column, including
amitriptyline, diazepam, cholesterol, diazinon and various phenols. (For further information see
Chapter 2.)
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Further analysis of the carbon core particles from Supelco revealed that they were not the
nonporous cores we had originally believed them to be. As their PSD was not ideal either, we
decided to develop our own uniform, dense carbon cores. Hung et al.177 from our group were
able to achieve this by first synthesizing polydivinylbenzene spheres poly(DVB). These were
then oxidized, carbonized, and acid treated to allow adhesion of PAAm to their surfaces. Bilayer
deposition of PAAm and nanodiamond with sonication was done as previously reported by
Wiest et al.178 These particles showed a much tighter PSD than the Supelco cores, along with a
good d90/d10 indicating that they were fairly uniform. Particles created with these cores showed
better efficiencies than the previous material. To further improve on this approach, commercial
polydivinylbenzene particles were obtained and treated identically to the ones made in our lab.
This yielded material with an even narrower PSD and d90/d10 than we had previously created.
Scanning electron microscopy also showed evidence for uniform particles.
BET isotherm measurements of the carbonized core particles showed that these particles
had formed small pores (≤ 25 Å), giving them a high surface area. After PAAm/nanodiamond
bilayer deposition, the surface area decreased to ca. 15 m2/g, indicating that the polymer had
filled the pores or at least made the inner pores inaccessible. Efficiencies for these particles were
typically 90,000 – 100,000 N/m for normal injections, where the highest efficiency observed was
112,000 N/m under these conditions (hexylbenzene, k ca. 4.5). Column to column reproducibility
within a batch was shown (see Chapter 4) along with high temperature stability studies (see
Chapter 3). Longer columns (2.1 mm × 50 mm) were packed with the same optimized core
material, and separations of lavender, peppermint, eucalyptus and melaleuca essential oils, were
obtained via gradient elution (see Appendices 3 – 6).
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To better understand the optimized column, tricyclic antidepressants (TCAs) and
alkylbenzenes were separated at pH 7 and 12. The selectivity of the column appeared to be
independent of pH when alkylbenzenes were used as the analytes; however, selectivity changed
drastically for the TCAs. At pH 7 the peaks tailed and retention factors were low. At pH 12, peak
tailing was reduced and these analytes were well retained (see Chapter 3).
Van Deemter and van’t Hoff analyses were performed with optimized columns, which
showed that basic analytes had lower optimal linear velocities than the alkylbenzenes, along with
larger C-terms. The van’t Hoff analysis also showed that there was a greater change in slope at
what appears to be a phase transition in the column (60 °C) for the basic analytes compared to
the alkylbenzenes. This is attributed to hydrogen bonding that may occur with the TCAs at lower
temperatures, whereas at higher temperatures, the hydrogen bonding between the analyte and the
mobile/stationary phases is disrupted, resulting in more interaction with the stationary phase as
evidenced by the increase in ΔH° but a less favorable change entropy ΔS°. This was the first
comparative pH study on our column with different analyte classes. The column showed good
stability at elevated pH over two weeks of nearly continuous use. However, after repeated van’t
Hoff studies, it appears that the expansion and contraction of the column housing and particle
bed affected the packing efficiency. Accordingly, the A-term increased and efficiency decreased,
but selectivity and retention were not drastically changed. (For more information see Chapter 3.)
Many application notes have been developed for this diamond-based phase suggesting
that it has mixed-mode character. While we had attempted to form a pure C18 phase, it appears
that the amine-containing backbone of the PAAm gave the phase weak anion exchange
selectivity at low pH and reversed-phase (C18) selectivity at high pH. We had believed at first
that the amines would be largely inaccessible; however, we have now performed anion exchange
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separations of acidic herbicides at low pH that suggest that this column exhibits mixed-mode
character.
I wrote application notes on the separation of melaleuca, peppermint, eucalyptus and
lavender essential oils, along with separations of amino acid methyl esters, triazine herbicides, β2
andrenergic receptor agonists and amphetamines (see Appendices 1 – 6). My experience has
also allowed me to contribute ideas to licensed patents as an inventor (see Appendices 7 and 8).

1.9 Conclusions
Modern chromatography began over a century ago and, since that time, great advances
have occurred. Silica-based phases (normal and reversed-phase) along with many other
stationary phases have been developed over the history of chromatography. As chromatographic
science has advanced and required more efficient separations with greater peak resolution, many
different functionalities with a variety of selectivities have been incorporated into stationary
phases in an attempt to achieve desired separations.
A common challenge has been the separation of basic analytes, requiring phase stability
at high pH. Temperature also appears to an important factor in chromatographic separations. Our
desire was to develop a column that would have a reversed-phase selectivity and be able to
operate with little to no degradation under extreme pH and high temperature conditions. We
chose diamond as our stationary phase support with an inert spherical carbon core. We have
made great advances over the past years as evidenced in the following chapters.
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Chapter 2: Pellicular Particles with Spherical Carbon Cores and Porous
Nanodiamond/Polymer Shells for Reversed-Phase HPLC*

2.1. Abstract
A new stationary phase for reversed-phase high performance liquid chromatography (RP
HPLC) was created by coating spherical 3 µm carbon core particles in a layer-by-layer (LbL)
fashion with poly(allylamine) (PAAm) and nanodiamond. Unfunctionalized core carbon particles
were characterized by scanning electron microscopy (SEM), x-ray photoelectron spectroscopy
(XPS), time-of-flight secondary ion mass spectrometry (ToF-SIMS), and Raman spectroscopy.
After LbL of PAAm and nanodiamond, which yields ca. 4 µm core-shell particles, the particles
were simultaneously functionalized and cross-linked using a mixture of 1,2-epoxyoctadecane
and 1,2,7,8-diepoxyoctane to obtain a mechanically stable C18/C8 bonded outer layer. Core-shell
particles were characterized by SEM, and their surface area, pore diameter, and volume were
determined using the Brunauer-Emmett-Teller (BET) method. Short stainless steel columns (30
mm × 4.6 mm ID) were packed and the corresponding van Deemter plots obtained. The retention
characteristics of a suite of analytes were investigated using a conventional HPLC system at
various organic solvent compositions, pH values of mobile phases, and column temperatures. At
60 °C, a chromatogram of 2,6-diisopropylphenol showed 71,500 plates/m (N/m) (k = 13.4). The
possibility of using this composite stationary phase at extreme pH of mobile phase was studied.
Chromatograms obtained under acidic conditions (pH 2.7) of a mixture of acetaminophen,
diazepam, and 2,6-diisopropylphenol, and a mixture of phenol, 4-methylphenol, 2-chlorophenol,
4-chlorophenol, 4-bromophenol and 1-tert-butyl-4-methylphenol are presented. Retention times
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of amitriptyline, cholesterol, and diazinon at temperatures ranging from 35 °C to 80 °C and at pH
11.3 are reported. A series of five basic drugs was also separated at this pH. The stationary phase
exhibits considerable hydrolytic stability at high pH (11.3) and even pH 13 over extended
periods of time. An analysis made using a UHPLC system with a “sandwich” injection appeared
to reduce extra column band broadening and gave best efficiencies of 110,000 – 120,000 N/m (k
= 2.04).

*This chapter is reproduced with permission from (Landon A. Wiest, David S. Jensen, ChuanHsi Hung, Rebecca E. Olsen, Robert C. Davis, Michael A. Vail, Andrew Dadson, Pavel N.
Nesterenko, Matthew R. Linford) Anal. Chem., 2011, 83, (14), pp 5488-5501.
Copyright 2011American Chemical Society
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2.2. Introduction
Silica is the workhorse of modern liquid chromatography.1-2 Accordingly, its surface has
been extensively studied and modified, which has led to a broad array of available functionalities
for the chromatographer.3 However, despite its flexibility, common silica-based stationary
phases lack stability at both high and low pH, where the useful window of pH stability for a
typical bonded phase lies between ca. 2 and 8.4-5 A number of researchers have investigated
ways to improve the stability of silica, especially for reversed-phase (RP) HPLC. For example, it
has been known for decades that increasing the length of the n-alkyl chain in alkylsilica bonded
phases or endcapping residual silanols with trimethylchlorosilane or hexamethyldisilazane can
improve the hydrolytic stability of bonded phases.6 A further improvement in the hydrolytic
stability

of

alkylsilicas

can

be

achieved

using

trichloroalkylsilanes

instead

of

monochlorodimethylalkylsilanes.4,7 Immobilization of trichloroalkylsilanes on silica in the
presence of water causes polycondensation and formation of polymeric layers of good stability,
although additional silanols are created during polymerization.8 Kirkland et al. used sterically
protected monofunctional silanes to increase the hydrolytic stability of alkyl bonded phases in
highly acidic mobile phases.3-4 Sagliano and coworkers studied the effect of silane structure on
resistance to acid hydrolysis and reported higher stabilities for silanes with bulky or long chain
alkyl groups.9
Kirkland, Glajch and Farlee disclosed the concept of bidentate silanes of the form XR2Si–
B–SiR2X, where –X is a reactive group such as –Cl or –OMe and –B– is a bridging group of
variable nature and length, e.g., it may be an ethylene (–CH2CH2–) moiety or an oxygen atom,
and R is a methyl, n-butyl, n-octyl or n-octadecyl group.4,10 Their C18/C18 bidentate silane with a

33

propylene bridge as a bonded phase had a very low rate of hydrolysis in mobile phases at both
low (0.9) and high (≥11) pH.10-11
Another possible improvement in the hydrolytic stability of silica particles is polymer
shielding

or

cross-linking

of

bonded

groups.

Kobayashi

and

coworkers

treated

octyltrichlorosilane modified silica with a cyclic siloxane monomer, effectively endcapping the
bonded phase with a siloxane polymer to improve its stability.12 Carr and coworkers
chemisorbed (chloromethyl)phenylethyltrichlorosilane (ClCH2C6H4CH2CH2SiCl3) onto silica
and then crosslinked it via Friedel-Crafts alkylation to itself and to a styrene heptamer or
triphenylmethane.13 When it was found that this phase was overly silanophilic compared to a
steric-protected C18 phase, i.e., it had too many residual silanols that were leading to peak tailing
of basic analytes, a monolayer of a monofunctional silane, ClCH2C6H4CH2CH2Si(CH3)2Cl, was
deposited, which was then similarly crosslinked with the styrene heptamer. While this assembly
was

not

more

stable

than

the

layer

prepared

with

the

trifunctional

silane

(ClCH2C6H4CH2CH2SiCl3), it could be further crosslinked and then modified with C8 groups,
also via Friedel-Crafts alkylation, to produce an extremely stable phase. This material showed
substantially lower silanophilicity than before; the peak shapes in the resulting separations of
basic drugs were at least as good as those obtained using a steric-protected C18 phase.14
The work cited above focuses on improvements in the low pH stability of bonded phases
on silica. An approach for the improvement of the hydrolytic stability of hydrophobic column
packings at higher pH values is based on the synthesis of various inorganic-organic hybrid
materials. For example, a group at Waters Corporation (Milford, MA) first formed particles by
condensing methyltriethoxysilane, Si(OCH2CH3)3CH3, and tetraethoxysilane, Si(OCH2CH3)4
(TEOS), which placed methyl groups within and at the surfaces of the particles.15 These first
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generation hybrid particles comprise the companies’ XTerra product line. They can be
functionalized with C8 and C18 silanes, and show reduced tailing of basic analytes, consistent
with a reduction of silanol quantity and activity. A further advance from this group came by the
use of silanes with bridging alkyl groups, e.g., (CH3O)3SiCH2CH2Si(OCH3)3, which is the basis
of their bridged ethyl hybrid technology in their XBridge and ACQUITY product lines.16-17
Columns packed with the resulting particles were stable for 140 hours at 50 °C in a pH 10
triethylamine-containing mobile phase.17
A similar series of inorganic-organic hybrid stationary phases was produced by
Phenomenex (Torrance, CA) under the trade name Gemini. Gemini particles consist of a
traditional silica core surrounded by an inorganic-organic layer, similar to that of the Waters
XTerra particles. Their TWIN-NX technology uses ethylene bridged silanes, like those in
Waters’ XBridge and ACQUITY products. The temperature and pH-stabilities of the Gemini
C18, Gemini C18 NX, and XBridge C18 columns were recently compared. The Gemini C18 column
was substantially less stable than the Gemini C18 NX, which in turn was less stable than the
XBridge C18.18 In general, the prolonged stability of inorganic-organic hybrid stationary phases
in mobile phases at pH 10.0–10.5 has been demonstrated.
Clearly notable advances have been made with regards to creating stable, effective, silicabased materials. However, Teutenberg and coworkers recently compared the stabilities of a
series of commercially available columns that are advertized as highly stable and concluded that:
“Although some progress has been made to increase the stability of packing materials at very
high and low pH, further improvements of silica-based stationary phases regarding dissolution at
high temperatures still is a challenge.”18 It appears that a considerable need remains for future
innovation.
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A significant motivation for creating HPLC stationary phases/supports that are stable at
high pH also exists in the pharmaceutical industry. McCalley and coworkers19-20 expressed the
difficulty of separating basic compounds under reversed-phase conditions because these analytes
usually exist in their protonated states under the pH conditions appropriate for most silica-based
columns. (Protonated species are typically less retained under reversed-phase conditions than the
corresponding unprotonated ones.21) Thus, high pH values (at least high enough to deprotonate
amines) would be advantageous in such separations. McCalley further observes that of all
pharmaceutical compounds, 70% are bases.19 Because the pKa values of most amines are ca. 9.5
to 11, and at least in aqueous solutions, the pH must be at least one pH unit above the pKa value
of an acidic moiety for ca. 90% or more of these groups to be deprotonated, there is a strong
need for a chromatographic material that can withstand a pH where the basic groups on analytes
would be largely or even entirely deprotonated. (Note that in this work when we mention the
“pKa of an amine”, we are, technically speaking, referring to the pKa of the conjugate acid of that
amine.)
Because of the considerable need to create highly stable stationary phases, other, nonsiliceous materials have also been studied. Some of these supports, which include organic
polymers, zirconia, titania, alumina, and porous graphitic carbon (PGC), are usually stable over a
wide pH range, but sometimes lack efficiency.22-26 Carr and coworkers developed polymer
coated or encapsulated zirconia as both hydrophilic (normal-phase HPLC) and hydrophobic
(reversed-phase HPLC) stationary phases,27-30 where these materials also have stability over a
wide pH range.24,31-32 However, due to Lewis acid sites on the zirconia surface, undesirable
secondary interactions occur with certain analytes.33-35 These specific interactions with analytes
bearing carboxylic and phosphonic acid functional groups, in conjunction with the difficulty
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associated with functionalizing the zirconia surface,30 help explain why zirconia-based
supports/phases have not become more mainstream products.
PGC is an important material that has been marketed commercially since 1988 by more
than one firm, e.g., Hypercarb™ by Thermo Scientific.36-37 PGC is stable at extreme pH values
and also elevated temperatures, although its selectivity is very different from standard reversed
phases and noticeable tailing is observed with many analytes. While these differences/limitations
have prevented it from being more widely adopted, there is currently a great deal of interest in
this material because of its stability and unique selectivity to hydrophilic compounds.
Diamond has also been studied as a support/stationary phase in liquid chromatography.38
For example, Nesterenko and coworkers employed sintered, microdispersed detonation
nanodiamond for normal phase separations39 and ion exchange chromatography.40 They
performed baseline separations of various compounds using their normal phase material and
achieved 15,400 plates/m (N/m) (o-xylene, k = 4.31). Their peaks showed considerable
asymmetry, especially at longer retention times. In more recent work they have achieved 45,300
N/m (m-diisopropylbenzene, k = 2.29).41
Work in the Linford group at Brigham Young University has focused on the chemical
modification of diamond and its subsequent use in solid phase extraction (SPE) and HPLC. Their
first separations were performed on poly(allylamine) (PAAm)-coated 50–70 µm diamond
particles,42-43 where SPE of lipids was demonstrated. It was later shown that various alkyl and a
perfluoroalkyl isocyanate would react with the PAAm-coated diamond, forming urea linkages
between the isocyanate and PAAm.44 SPE of pesticides from water was performed on the
resulting C18 phase. Deuterium-terminated diamond (DTD),45 was also shown to react with ditert-amyl peroxide, and it could be further functionalized with polymers by radical
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polymerization.46 The resulting diamond materials could be used for SPE. In general, these
materials were stable under extreme pH conditions.43-44
In spite of these advances, the nonporous particles employed in these earlier studies
would probably not be suitable for HPLC. Hence, pellicular particles47 were formed by coating
irregularly shaped ca. 1.7 µm diamond particles with bilayers of PAAm and nanodiamond in a
layer-by-layer (LbL) fashion.48 These PAAm-coated core-shell particles were then reacted with
1,2-epoxyoctadecane, creating a hydrophobic phase, where the C–N bond produced during the
reaction between an amine and an epoxide is very resistant to hydrolysis at both low and high
pH. This stationary phase was able to separate pesticides (cyanazine and diazinon) and various
alkyl benzenes. An efficiency of 54,800 N/m (k = 1.76) was obtained with diazinon, which was a
solid improvement over previous diamond-based materials. Unfortunately, after an extended
period of time, the material began to degrade. Another PAAm/nanodiamond pellicular phase,
this time cross-linked/functionalized with 1,2,5,6-diepoxycyclooctane, was then prepared, and
this material showed considerably improved stability, albeit lower efficiencies. However, even
with this improved stability, back pressures were high for all of the particles made with irregular
diamond particles.
While this earlier work was a step forward, a variety of issues needed to be addressed.
First, it would be important to find a spherical, inert support to serve as the core for these
particles, where this material would need to be amenable to functionalization via LbL chemistry.
A spherical core would also be important because irregular diamond particles would be expected
to have a significant negative impact on the eddy diffusion and flow distribution component in
peak broadening (A term in the van Deemter equation) and give a higher back pressure. In
addition, it was imperative to find a way to stabilize this hydrophobic phase with some sort of
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cross-linker so that these phases would be mechanically stable over a longer period of time, but
without a loss of efficiency.
In this work, we address these and other issues, showing the development of a new type
of stationary phase created by coating spherical, 3 µm carbon particles with layers of PAAm and
nanodiamond. The two types of stationary phases described herein were both hydrophobic (C18),
but one phase was also cross-linked. As expected, the non-cross-linked phase showed low
mechanical stability, but the cross-linked material showed good stability over an extended period
of time and at high pH. Particular improvements over our last study48 include:

1.

The use of spherical carbon particles as cores instead of irregular diamond particles.

2.

Efficiencies for these new core-shell particles that are higher than those for the previous

particles, in spite of the fact that the new particles are larger.

3.

The use of two epoxides (a monofunctional epoxide and a bifunctional epoxide) in the

functionalization/cross-linking of the PAAm/nanodiamond layers, where the monofunctional
epoxide provides C18 chains and the bifunctional epoxide provides cross-linking.

4.

A demonstration that these new particles are hydrolytically stable for prolonged periods

of time in both alkaline mobile phases – at pH 11.3 and even pH 13, and in acidic mobile phases
– at pH 2.7.
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5.

Reduced column back pressures, i.e., higher possible flow rates, which allows, for the

first time in our work on diamond-containing pellicular particles, acquisition of complete van
Deemter curves in a suitable range of flow rates. An analysis of these curves is presented.

6.

Reproducible/repeatable pressure-flow curves.

7.

A demonstration that by appropriate particle preparation, relatively tight particle size

distributions can be obtained, which translates into the improved mass transfer and expected
flattening of the van Deemter curves at increasing flow rates.

8.

Separation of many different analytes on a conventional HPLC, including the alkyl

benzenes, a series of basic drugs, and various phenols, at either pH 2.7 or pH 11.3. Indeed, more
than 70,000 N/m (k = 13.4) were obtained for 2,6-diisopropylphenol at 60 °C under acidic
conditions. A “sandwich” injection on a UHPLC system yielded 110,000 – 120,000 N/m (k =
0.66 – 2.0) for three low molecular weight analytes.

2.3. Experimental
2.3.1. Reagents and Materials
Table 2.1 gives the chemicals and materials used to create and test the phases in this
work.
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Table 2.1 Chemicals and materials used in Chapter 2.
Chemical Name

CAS No

Manufacturer

Location

Acetaminophen

103-90-2

Sigma-Aldrich

St. Louis, MO

BioXtra, ≥ 99.0 %

Acetonitrile

75-05-8

EMD

Gibbstown, NJ

HPLC grade

Amitriptyline hydrochloride

549-10-8

Restek

St. Louis, MO

≥ 98%

Supelco

St. Louis, MO

Varied by analyte

Benzenoid Hydrocarbon Kit

Purity

4-Bromophenol

106-41-2

Sigma-Aldrich

St. Louis, MO

99%

2-tert-Butyl-4-methylphenol

2409-55-4

Sigma-Aldrich

St. Louis, MO

99%

2-Chlorophenol

95-57-8

Sigma-Aldrich

St. Louis, MO

98%

4-Chlorophenol

106-48-9

Sigma-Aldrich

St. Louis, MO

≥99%

Cholesterol

57-88-5

Sigma-Aldrich

St. Louis, MO

Approx. 95%

Clomipramine

303-49-1

Sigma-Aldrich

St. Louis, MO

≥ 98%

Cyclohexanol

109-93-0

Fisher Scientific

Fair Lawn, NJ

Reagent grade

Diazepam

439-14-5

Sigma-Aldrich

98%

Diazinon

333-41-5

Fluka

St. Louis, MO
Steinheim,
Germany

Pestanal, analytical standard

2,6-Diisopropylphenol

2426-0751
2078-54-8

Doxepin hydrochloride

1229-29-4

Sigma-Aldrich

St. Louis, MO

1,2-Epoxyoctadecane

7390-81-0

Alfa Aesar

Ward Hill, MA

Technical Grade, 90%

Imipramine

50-49-7

Sigma-Aldrich

St. Louis, MO

BioXtra, ≥ 99.0 %

Isopropyl alcohol

67-63-0

Mallinkrodt Baker Inc.

Phillipsburg, NJ

ChromAR

1,2,7,8-Diepoxyoctane

Sigma-Aldrich

St. Louis, MO

97%

SAFC Supply Solutions

St. Louis, MO

97+%

Methanol

67-56-1

Fisher Scientific

Fair Lawn, NJ

HPLC grade

4-Methylphenol

106-44-5

Supelco
Advanced
Abrasives
Corp.
Sigma-Aldrich

St. Louis, MO

Analytical standard

Pannsauken, NJ

8.32 wt. %, 0-100 nm

St. Louis, MO

~ 99%

Sigma-Aldrich

St. Louis, MO

20 wt. % in water

Sigma-Aldrich

St. Louis, MO

20 wt. % in water

Supelco

St. Louis, MO

Nanodiamond
Phenol
Poly(allylamine), avg. 17,000 Mw
Poly(allylamine), avg. 65,000 Mw
Spherical glassy carbon, 3 µm mean
size
Tetramethylammonium hydroxide

108-95-2
30551-894
30551-894
75-59-2

Sigma-Aldrich

St. Louis, MO

Prototype
material,
not
commercially available.
24 wt. % solution in water

Triethylamine

121-44-8

Mallinkrodt Baker Inc.

Phillipsburg, NJ

99.50%

Triton X-100

9002-93-1

Fisher Scientific

Fair Lawn, NJ

Electrophoresis grade

Water

7732-18-5

From a Millipore system

Billerica, MA

18 MΩ Res. (Milli-Q System)

Xylenes

1330-20-7

Mallinkrodt Baker Inc.

Phillipsburg, NJ

ACS grade
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Empty stainless steel HPLC columns (30 mm × 4.6 mm ID with 0.5 µm frits) were obtained
from Restek, Bellefonte, PA, and 50 mL centrifuge tubes were from Sarstedt, Newton, NC. All
analyte solutions were prepared by mixing ca. 20 µL of an analyte in 15 mL of acetonitrile.

2.3.2. Instrumentation
Our HPLC system consisted of a dual wavelength detector (Model No. 2487), a binary
HPLC pump (Model No. 1525), and a column oven (Model Number 5CH) all from Waters
Corporation, Milford MA. The LC system was run using the Breeze software, Version 3.3. To
calculate efficiencies, the software measured the full width at half maximum (FWHM) of a peak
and employed the equation, N = 5.54(Rt/W1/2)2. Separations performed at the University of
Tasmania were done using a Waters Alliance HPLC. A dual wavelength detector (Model No.
2487) was used for detection and the pump, autosampler, and column oven were all part of a
2695 Separations Module. The system was run using Empower, Version 2 software and
efficiencies were calculated using the FWHM method. Columns were packed using a Pack-in-aBox 10,000-psi pump (Chrom Tech, Inc., Apple Valley, MN). All separations were performed
under isocratic conditions. For the high and low pH separations, the pH of the water was set to
11.3 by addition of 0.1% (v/v) triethylamine, 13.0 by addition of tetramethylammonium
hydroxide, or 2.7 by addition of formic acid. Analytes were injected using a 20 µL sample loop.
Samples for SEM (Philips XL30 ESEM FEG, FEI Corporation, Hillboro, OR) were prepared by
placing a slurry of particles directly on a stub and then drying the samples in an oven. Imaging
was done under high-vacuum conditions with a spot size of 3. (This is an arbitrary number
commonly used in SEM that has no units. This number represents the size of the aperture that
allows electrons through for imaging.) Specific surface areas of the samples were determined
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from N2 adsorption at 77 K using a TriStar II, (Micromeritics Instrument Corporation, Norcross,
GA). The samples were degassed at 200 °C for 12 hours prior to data collection. Particle size
distribution measurements were obtained with an LS 13 320 Multi-Wavelength Particle Size
Analyzer (Beckman Coulter, Inc., Brea, CA) by placing drops of a suspension of particles in an
analysis bath. X-ray photoelectron spectroscopy (XPS) was performed with an SSX-100
instrument from Surface Sciences (maintained by Service Physics in Bend, OR) using an Al Kα
source and a hemispherical analyzer. An electron ﬂood gun was employed for charge
compensation, and this charge compensation was further enhanced with a ﬁne Ni mesh
approximately 0.5 – 1.0 mm above the surface of the sample. Survey scans, as well as narrow
scans, were recorded with an 800 μm × 800 μm spot. Carbon powders were mounted onto
double-sided tape adhered to silicon wafers for XPS analysis. Static time-of-flight secondary ion
mass spectrometry (ToF-SIMS) was performed on an ION TOF IV instrument (Münster,
Germany) with a 25 keV Ga+ source and a 200 μm × 200 μm sample area. For ToF-SIMS
analysis, the carbon powders were mounted onto double-sided tape adhered to silicon wafers.
Raman spectroscopy was performed on a Chromex Raman 2000 instrument (Billerica, MA) with
a 532 nm laser, the CCD was cooled to -40˚C, and the slit width was set at 100 μm. Raman
spectra were obtained using conventional methods; loose powder was placed in a sample vessel
and analyzed.

2.3.3 Particle Preparation
Particles were prepared using a layer-by-layer (LbL) procedure that was similar to that
performed by Saini et al. on diamond core particles.48 About 0.5 g of spherical, carbon particles,
3 µm in diameter, were suspended in 40 mL of a 1:1 water/methanol (H2O/MeOH) mixture
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containing 3.3 mL of a 65,000 Mw poly(allylamine) (PAAm) solution, as obtained from the
vendor. The particles were stirred for 24 h in this solution. The particles were then placed in a 50
mL screw cap plastic centrifuge tube, centrifuged at 5,000 rpm and rinsed three times with the
1:1 H2O/MeOH solution. Nanodiamond (1.5 mL of a 8.32 wt. % slurry) was then added to the
PAAm coated particles that were suspended in ca. 40 mL of the rinse solution. The solution with
the partially coated particles and nanodiamond was shaken by hand for 5 min and allowed to
settle for 1 min. It was then centrifuged and rinsed twice with the 1:1 H2O/MeOH mixture to
remove excess nanodiamond from the particles. To these particles, now coated with a layer of
PAAm and nanodiamond, were added 1.5 mL of a 7.5 wt % aqueous solution of PAAm (17,000
Mw). The particles were again agitated by hand for five min and allowed to settle for 1 min.
Excess PAAm was removed by centrifuging the particles and rinsing three times with the same
H2O/MeOH mixture. Deposition of nanodiamond (8.32 wt. % slurry) and PAAm (17,000 Mw)
was subsequently performed in alternating steps until the desired thickness of the porous shell
was reached, terminating in a PAAm coating. To clarify, 60 discrete depositions were performed
to form the polymer-nanodiamond shell; to create a particle with a 0.5 µm shell, 30 bilayers were
deposited. Deposition occurred in a similar manner to that observed by Saini in his work.48 There
appeared to be an induction period in which the surface was only partially covered, after which
deposition appeared to proceed with greater regularity. The thickness was measured periodically
during particle growth by scanning electron microscopy.

2.3.4 Particle Optimization
In an effort to improve the particle size distribution, two other batches of particles were
prepared. One batch of core particles was sonicated after the initial PAAm deposition, but prior
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to nanodiamond deposition, using a Sonifier Cell Disruptor (Heat Systems Co., Model: W1850,
Melville, N.Y.). The particles were sonicated in 1 min intervals until they had been sonicated for
a total of 5 min. Sonication was performed with the particles in the centrifuge tube that would
later be used for deposition. In between sonications, the centrifuge tube was immersed in ice
water for a minute to prevent overheating of the sample. Other than this initial sonication, the
particles were functionalized, cross-linked, and tested in the same manner as the previous batch
of cross-linked particles. This resulted in particles with an improved particle size distribution
(PSD) over the previous, non-sonicated batch.
Another batch of particles was prepared where sonication was performed after every
PAAm deposition until the desired shell thickness was reached. Otherwise, these particles were
prepared in the same manner as the previous batches. This approach yielded the tightest PSD of
the three preparation methods. Compared to the uncoated particles, in all of the particle syntheses
a significant increase in the mass and volume of the particles was observed after the LbL
depositions.

2.3.5 Particle Functionalization
Core-shell particles made through deposition of 30 PAAm/nanodiamond bilayers, and
terminated with a PAAm coating, were rinsed three times in isopropanol and three times in 1:1
cyclohexanol/xylenes. The particles were then placed in ca. 15 g of the cyclohexanol/xylenes
solution to which functionalizing agents were added. To prepare a non-crosslinked phase,
10 wt. % of 1,2-epoxyoctadecane was added. This was reacted with the particles in a round
bottom flask, which was fitted with a water-cooled condenser and heated to 130 °C for 54 h. For
the crosslinked phase, both 10 wt. % of 1,2-epoxyoctadecane and 0.5 wt. % of 1,2,7,8-
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diepoxyoctane were added, i.e., a 20:1 ratio by weight of functionalizing ligand to crosslinker.
The diepoxide served as the crosslinker. The reaction conditions were the same in the
preparation of the crosslinked and the non-crosslinked particles.
The reaction mixtures were allowed to cool to room temperature. Excess functionalizing
reagent was removed by rinsing and centrifuging three times with the cyclohexanol/xylenes
solution, three times with isopropanol, and three times with a 1% (v/v) aqueous solution of
Triton X-100.

2.3.6 Particle Sieving
After particle functionalization, the particle size distribution was measured. In the nonsonicated material, there were ca. 100 µm agglomerates, so the particles, in an aqueous solution
of Triton X-100 (1% v/v), which worked as a dispersant, were passed through a 40 µm sieve,
which removed most of the larger agglomerates. Although improved, the particle size
distribution was still far from uniform (see Figure 2.1 A). After sieving, the particles were
concentrated by centrifugation.

2.3.7 Column Packing
Packing was performed by suspending the particles in 12 mL of an aqueous solution of
Triton X-100 (1% v/v). The Triton solution was also used as the pushing solution during
packing. The slurry was poured into the packing chamber which had a 30 mm × 4.6 mm ID
column attached at its end. The maximum packing pressure was set at 7,000 psi (8,500 psi for the
improved, sonicated particles). Packing occurred over a 25 min period and the pressure was
released gradually over a 30 min period.
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Another column (50 mm × 4.6 mm ID) was packed at the University of Tasmania using a
a pump from Haskel (Burbank, CA). The particles were suspended in isopropanol and packed at
8,000 psi until 25 mL of packing solvent had passed through the column. An insufficient volume
of particles was used on the first attempt, so the column was repacked with a mixture of new and
previously packed 4 µm particles. This second attempt was successful.

2.3.8 Stability Tests
Two stability tests were performed using the crosslinked material. The first was run under
the following conditions: flow rate: 0.5 mL/min, mobile phase composition: 40:60 H2O/ACN
with 0.1% (v/v) triethylamine in the aqueous portion of the mobile phase to set the pH at 11.3,
temperature: 35.0 °C. The test occurred over 1,600 column volumes. A stability test at pH 13.0
was then performed on this column. The mobile phase was 40:60 H2O/ACN, with 1% (v/v) of
the tetramethylammonium hydroxide solution (see Table 2.1) in the aqueous component to raise
the pH to 13. The column temperature was 35.0 °C. The test occurred over 1,000 column
volumes. The analytes used for these tests were from a benzenoid hydrocarbon kit and included
benzene, ethylbenzene, n-butylbenzene and n-hexylbenzene. After the stability tests, the HPLC
system was flushed sufficiently with ACN or MeOH and water to remove the corrosive material
that might damage the pump and/or detector flow cell. After use, the columns were also flushed
with the same mobile phase and stored under MeOH between uses.

2.3.9. UHPLC and Sandwich Injection
A UHPLC system, Agilent Infinity 1290, with a diode array detector (Model No.
G4212A, detection at 254 nm), an LC pump (Model No. G4220A), a column oven (Model No.
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G1316C), and an autosampler (Model No. G4226A) were used. This system was run with Chem
Station Software, version B.04.03, and measurement of the FWHM by the software was used to
calculate efficiencies. A “sandwich” injection on this system was performed using a mixture of
alkyl benzenes. To wit, a 5 µL sample of an alkylbenzene analyte mixture was injected between
7 µL volumes of water onto our 4 µm particle-packed column at 80 °C using a pH 11.3 mobile
phase, with a flow rate of 1.0 mL/min.

2.4. Results and Discussion
2.4.1. Characterization of Core Particles and the LbL Process
The glassy carbon core particles, which are not commercially available and are a
prototype material, were characterized by scanning electron microscopy (SEM), x-ray
photoelectron spectroscopy (XPS), time-of-flight secondary ion mass spectrometry (ToF-SIMS)
and Raman spectroscopy. SEM showed that the glassy carbon cores were largely spherical, but
had a fairly broad particle size distribution (Figure 2.1, L0). XPS analyzes the upper ca. 10 nm of
a material, and gives insight into the elemental composition of surfaces of materials. An XP
survey scan (Figure 2.2) of the core carbon material showed two main peaks from carbon (C1s)
and oxygen (O1s), indicating that carbon comprised 83 % of the surface and oxygen the
remaining 17 %. These atomic percentages were acquired through XPS narrow scans. The
presence of oxygen should be important for adherence of PAAm to the core particles.
ToF-SIMS, a form of surface mass spectrometry, provides chemical information about
the upper ca. 3 nm of a surface and is sensitive to all elements. Consistent with the XPS, negative
ion ToF-SIMS of the core particles showed fairly intense O- and OH- peaks. It also showed the
expected C-, CH-, C2-, and C2H- signals.
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Figure 2.1 (L0) SEM image of the carbon core particles used in all of the chromatographic
studies in this chapter. (L1 – L5, L10) SEM of LbL-coated model carbon particles, which were
synthesized according to a procedure derived from the literature.49-53 These particles were coated
with nanodiamond that had a broad particle size distribution (ca. 10 – 400 nm, Advanced
Abrasives). The particles were oxidized prior to the first PAAm deposition. Particles prepared
with the nanodiamond with this broad PSD were not employed in any of the chromatographic
studies described in this chapter. It was advantageous to use these particles because they could be
easily imaged by SEM. L1 refers to one bilayer of PAAm and nanodiamond, L2 refers to two
bilayers of PAAm and nanodiamond, etc.
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C1s

O1s
O Auger

Figure 2.2 XPS of spherical carbon cores. The carbon (C1s) peak (286 eV) comprises ca. 83% of
the surface while the oxygen (O1s) peak (534 eV) comprises the other ca. 17% of the surface.

50

Raman spectroscopy gives the analyst information about the degree of sp3- or sp2-bonding in a
bulk carbonaceous material.54-55 The Raman spectrum in Figure 2.3 contains four distinct peaks
labeled 1 – 4. Peak 1 represents the T band. It is centered around 1050 cm-1 and can be assigned
to sp3-bonded carbon.56 Peak 2 is designated as the disorder-induced band (or D band). It is
centered at approximately 1350 cm-1 and is also due to sp3-bonded carbon (diamond-like
carbon).55,57-58 Peak 3 is designated as the G band and is centered around 1580 cm-1. It is
attributed to sp2-bonded carbon (graphitic type bonding).55,58 Peak 4, which is centered around
2700 cm-1, is the G' band, which is an overtone of the D band.57 It is clear from this spectrum
that both sp2 and sp3 hybridized carbon are present in the particles.
`

To track the coating process on a spherical carbon material, we prepared core-shell

particles with nanodiamond that was larger than the nanodiamond used for our packed pellicular
phases, but still considerably smaller than the core particles. This made it easier to follow the
LbL process by SEM (see Figure 2.1). It is clear from Figure 2.1 that the core material is nearly
completely coated after 5 deposition cycles and that nanodiamond deposition progresses steadily
from deposition to deposition. It should also be noted that, despite calling our deposition process
‘layer-by-layer,’ a complete layer is not obtained after each deposition, which is consistent with
previous results.48 Finally, note that the spherical carbon material used to obtain the SEM images
in Figure 2.1, L1 – L5, L10 is different from that employed for the packings used in the
chromatographic studies in this paper. Nevertheless, this should be a representative study, as the
LbL of PAAm and nanodiamond has now been shown to proceed on micron-sized diamond
particles,48 planar silicon surfaces,48 and the other carbon cores used in this study.
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Figure 2.3 Raman spectrum acquired with 532 nm light. Band 1 is the T band (1050 cm-1),
corresponding to sp3-bonded carbon. Band 2 is the D band, also corresponding to sp3-bonded
carbon (diamond-like). Band 3 is the G band, corresponding to graphitic, sp2-bonded carbon.
Band 4 is the G' band, and is an overtone of the D band.

52

2.4.2 Non-Crosslinked, Hydrophobic Phase
The first batch of core-shell particles made from carbon cores and PAAm/nanodiamond
shells was not crosslinked. In the formation of these (and subsequent) particles, the PAAm was
expected to deposit as an ultrathin film in a self-limiting fashion.42,48 The primary amines from
the PAAm in the shell layer were only reacted with monofunctional 1,2-epoxyoctadecane
resulting in a C18 phase. Chromatography was performed on this column using alkyl benzene
analytes (see separation conditions in the caption to Figure 2.4). Under all conditions explored,
peaks showed a large amount of fronting regardless of analyte concentration. This may be due to
non-uniform column packing. Moreover, the non-crosslinked column showed a rapid increase in
back pressure over a short period of time which indicated mechanical instability of this material.
During our experimentation with this column, the flow rate was doubled from 0.5
mL/min to 1.0 mL/min. Upon returning to the original flow rate, the back pressure had increased
significantly from 2,040 to 3,620 psi. After this experiment, the back pressure steadily increased
over a 6 h period to 4,570 psi. At this point, the experiment was terminated. We had previously
observed mechanical instability with non-crosslinked phases in our lab,48 so we opted for a
different approach that included crosslinking, with the hope that a more mechanically stable
phase could be created.

2.4.3 Crosslinked, Hydrophobic Phases
2.4.3.1 Surface area, Pore Size and Volume
The surface area of the crosslinked particles was 44.2 m2/g by BET isotherm
measurements. The particles had a mean pore size of 28 nm and a pore volume of 0.356 mL/g.

53

2.4.3.2 Pressure-Flow Relationship and Hydrophobic Character
To determine the effect of crosslinking, the column was reacted with 1,2epoxyoctadecane under the same conditions as described above, but with the addition of a small
amount of crosslinker: 1,2,7,8-diepoxyoctane. The resulting crosslinked stationary phase was
then packed under the same conditions as the previous column. From the chromatography, it was
immediately clear that this phase was less hydrophobic than the non-crosslinked phase, which
would be consistent with the incorporation of the diepoxide into the stationary phase. That is, the
diepoxide, which contains eight carbon atoms and will yield two hydroxyl groups upon reaction
with PAAm, is less hydrophobic than 1,2-epoxyoctadecane, which contains eighteen carbon
atoms and will only yield one –OH group when it reacts with PAAm. For example, under the
same conditions used with the non-crosslinked column (mobile phase and pressure), the last
eluting peak, n-hexylbenzene, eluted about 1.5 min earlier. Figure 2.4 shows the chromatogram
of this and other alkyl benzenes on this crosslinked column. There were also immediate
indications that this crosslinked material would be stable over a longer period of time, as
evidenced by our ability to increase and decrease repeatedly and reproducibly the mobile phase
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Figure 2.4 Reversed-phase separation of (1) benzene, (2) ethylbenzene, (3) n-butylbenzene, (4)
n-hexylbenzene. Mobile phase: 40:60 H2O/ACN with 0.1 (v/v) % triethylamine, pH 11.3. Flow
rate was 0.5 mL/min. Column temperature was 35 °C. Detection was at 254 nm.
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Figure 2.5 Pressure vs. flow curve for the crosslinked column. Pressures obtained at different
flow rates were reproducibly observed as the flow was varied.
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velocity. A plot of the resulting linear relationship between pressure and flow is shown in Figure
2.5. To compare the hydrophobicity of our materials to the hydrophobicity of other columns, we
calculated log k for a series of alkyl benzenes: benzene, toluene, ethylbenzene, n-butylbenzene,
and n-hexylbenzene.59 The data were then fit to the equation:

log k = α(CH2)Cn + β(Ph)

( 2.1 )

where α(CH2) and β(Ph) are the retention increments for the methylene and phenyl groups
respectively.59 That is, the interaction of the stationary phase with the phenyl group will give the
y-intercept and that with the methylene units will provide the slope. The value of α(CH2) thus
gives an indication of the hydrophobicity of a column.
One of our columns (4 µm mean particle size, 30 mm × 4.6 mm ID column) that was
used for many months prior to this test was evaluated and gave an α(CH2) of 0.15 under 40:60
(0.1% TEA)/ACN at 30 °C. Another column (4 µm mean particle size, 50 mm × 4.6 mm ID
column) was tested at the beginning of its lifetime and gave an α(CH2) of 0.19 under 55:45
water/ACN at 60 °C. This difference in α(CH2) values is attributed to different mobile phase
conditions, column ages, and operating temperatures. These data were compared to a previous
study by Smith et al.60 reported for a Spherisorb ODS-2 octadecyl modified silica gel. From the
retention factors of alkylbenzenes that were separated in a 20 mM sodium phosphate buffer
(pH 7.0)/ACN mobile phase (40:60 v/v) at 30 °C we calculate an α(CH2) value of 0.17. This
comparison points to a substantial hydrophobic (RP) character for our materials.
As a further note of comparison, the initial back pressure for the column containing the
crosslinked phase was 940 psi, while the starting pressure for the column containing the non-
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crosslinked phase was 2,040 psi. (Both columns were packed under identical conditions.) These
results for the non-crosslinked particles suggest mechanical instability during packing, which
would lead to clogging of the frit or the interstitial spaces between the particles by fines, possibly
sloughed off the particles during column packing. However, even the back pressure from the
column containing crosslinked material was higher than might be expected for a column
containing 4 µm particles. To probe this issue, the back frit (closer to the detector) from one such
column, which had been used extensively, was removed and analyzed by SEM. The resulting
micrograph showed noticeable plugging of the frit. In the future, it will be determined whether
the plugging came as a result of fines that were not removed prior to packing, or as a result of
damage to the particles during packing. At present, the data point to the former explanation.

2.4.3.3 Stability at pH 11.3
The first stability test performed on the crosslinked column took place over 1,600 column
volumes of mobile phase at pH 11.3. The flow rate was 0.5 mL/min and the column temperature
was 35 °C. An analyte mixture containing benzene, ethylbenzene, n-butylbenzene and
n-hexylbenzene was used to probe the column during this test. The trial ran over a 26.6 h period
and resulted in a decrease in k of 4.2 – 6.1% (see Figure 2.6). The efficiency (N/m) of the
column decreased initially, however it recovered and over the length of the test there was no
overall decrease in its efficiency (see also Figure 2.6).
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Figure 2.6 Column stability test at pH 11.3. See text for experimental details.
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2.4.3.4 Stability at pH 13.0
A second stability test was then performed on this same column at pH 13.0 using the
same analyte mixture. The mobile phase was 40:60 H2O/ACN with the aqueous portion set at pH
13.0 by addition of 1% (v/v) tetramethylammonium hydroxide. The flow rate for this stability
test was 0.5 mL/min, and the column temperature was 35 °C. Over the course of this stability
test, only a slight decrease (ca. 1%) in k was seen. Given the scatter in the data, it was not
possible to conclude whether the efficiencies of the columns increased or decreased – they
remained nearly constant. (After a careful scrutiny of the data, one might argue that a small
decrease in efficiency of ca. 2 – 3% occurred for most of the analytes, although the efficiency for
n-butylbenzene appeared to increase by ca. 3%.) Overall, we can state that little or no change
took place in column properties and that this phase shows the greatest stability of any HPLC
phase we have created to date.

60

7
y = -0.0001x + 5.9556

6
5

k

4
y = -6E-05x + 2.9113

3
2

y = -4E-05x + 1.5833

1
0

y = -3E-05x + 0.9895

0

500

1000

1500

Column Volumes
benzene
n-butylbenzene

ethylbenzene
n-hexylbenzene

60000
50000

N/m

40000
30000
20000
10000
0

0

200

400
600
800
Column Volumes
benzene
n-hexylbenzene

1000

1200

ethylbenzene
n-butylbenzene

Figure 2.7 Stability test at pH 13.0 with the same column used for Figure 2.6. See text for
experimental details.
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2.4.3.5 Van Deemter Study and Instrument Response
The reasonable back pressures of this column opened the possibility of varying flow rates
enough to obtain van Deemter curves. For this study, the mobile phase was the same as that used
for the first stability test (pH 11.3). An analyte mixture consisting of benzene, ethylbenzene, npropylbenzene and n-butylbenzene was used, and measurements were taken every 0.1 mL/min
from 0.1 to 1.2 mL/min. Table 2.2 gives the results of this van Deemter study, and Figure 2.8
shows a representative van Deemter curve for n-butylbenzene, the best performing analyte in this
study. The optimal plate height and flow rate for n-butylbenzene from the fitted van Deemter
data were 18.6 µm (which equates to ca. 53,800 N/m) and 0.44 mL/min. The best efficiency for a
single injection of n-butylbenzene was 56,000 N/m (k = 1.70) at 0.5 mL/min. A trend in this van
Deemter study (see Table 2.2) was that the A and C terms decreased as the analytes increased in
molecular weight. Also shown in Table 2.2 is that with increasing analyte molecular weight, the
optimal mobile phase flow rate increased. Furthermore, the improvements we observed in
efficiency with retention, which in our case also corresponds to analyte molecular weight, are
consistent with extra column contributions to band broadening. The HPLC system used in this
work had a dead volume of ca. 100 – 105 µL, which was within the specifications for this
instrument. However, for earlier eluting analytes on our short columns, the LC appeared to
contribute to decreased efficiencies.
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Figure 2.8 Van Deemter curve for n-butylbenzene. The raw data and residuals to the data are
represented by the symbols: ○ and ◊. The black lines represent the fitted A, B, and C terms.
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Table 2.2 Van Deemter terms and optima for each analyte.
A (μm)

B (μm·mL/min)

C (μm·min/mL)

R2

Flow Rateopt
(mL/min)

Hopt (µm)

benzene
ethylbenzene
n-propylbenzene

8.45
6.36
5.71

2.31
2.62
2.74

22.8
18.8
17.4

0.99955
0.99924
0.99967

0.32
0.37
0.40

23.0
20.4
19.5

n-butylbenzene

3.89

3.25

16.8

0.99958

0.44

18.6
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It is significant that the plate counts observed using this column are higher than those for
phases previously created in our lab,48 despite previous phases having smaller particle sizes. The
peaks also appear to have good symmetries, although some of them show some fronting.
Symmetry factors, which appeared to be low, could not be calculated for this separation because
the peaks were not fully baseline separated.
A “sandwich” injection of an alkyl benzene analyte mixture was done using a UHPLC
system with the pH 11.3 mobile phase used for the stability test in Figure 2.6. The column used
was the one corresponding to Figure 2.10 C. This UHPLC system was expected to have
substantially lower extra column band broadening contributions than the HPLC system used for
our other separations. This separation, which was performed once, pointed to the potential
efficiencies of our diamond-based phases when used under more optimized conditions. In the
resulting chromatogram (see Figure 2.9), benzene, ethylbenzene, n-butylbenzene, nhexylbenzene, n-octylbenzene, and n-decylbenzene showed efficiencies of 117 000, 120 100,
111 400, 80 900, 52 100, and 21 400 N/m, respectively. Not only did this separation give us
much better efficiencies than those obtained previously, but later eluting analytes had lower
efficiencies, which is a reversal of the results obtained with our HPLC. Obviously, the
instrument can have a large impact on separations.
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Figure 2.9 Separation obtained on an Agilent Infinity 1290 using a “sandwich” injection.
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2.4.3.6 PSDs and SEMs of Particles and Particle Optimization
The reduced plate height, h = H/dp, where dp is the average particle diameter, of a wellpacked column of good particles is typically 2. Accordingly, we were concerned with our higher
than desired values of h (ca. 5 based on a projected particle size of 4 µm), and were also
surprised that our C term had contributed so significantly to our overall plate height since we had
created a phase based on a core-shell particle.
To obtain greater insight into these problems, we measured our particles’ size distribution
(PSD). Despite starting with a material with a 3 µm average particle size and a shell thickness of
0.5 µm (4 µm total), our measurements showed a mean particle size of 14.0 µm and a D90/10
(skewness) of 3.9 after functionalization. This less-than-ideal PSD is shown in Figure 2.10 A,
which indicates a clear need for particle optimization. Scanning electron microscopy also
suggested the presence of agglomerates in this material.

2.4.3.7 Particle Optimization.
Our next goal was to create a new batch of particles with the same crosslinked/C18
functionality, but with fewer agglomerates. In this effort, the particles were sonicated after the
first PAAm coating (before LbL deposition). After particle formation, a substantially improved
PSD was obtained (see Figure 2.10 B), and the mean dp of this batch was 5 µm.
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A

B

C

Figure 2.10 PSDs of core-shell particles synthesized in three different ways, and corresponding
van Deemter curves from columns packed with these particles, with n-butylbenzene as analyte.
For separation conditions see Figure 2.4. (A) Particles that were not sonicated prior to
nanodiamond deposition. (B) Particles that were sonicated prior to the first nanodiamond
deposition. (C) Particles that were sonicated prior to every nanodiamond deposition. The units on
the A, B, and C terms are µm, µm·mL/min, and µm·min/mL, respectively.
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The column was characterized as before, and the resulting van Deemter curve showed the
expected flattening of its C term. Whereas the C term for the previous particles was 16.8, the C
term for the sonicated particles was 7.86. Unfortunately, the A term for this new column/material
increased, which suggests that our packing procedure was not optimized. A third batch of
particles was then created, where sonication was employed after every PAAm deposition. This
batch showed an even better PSD, with a mean dp of 4 µm (see Figure 2.10 C). The C term for
these particles was even lower than before (4.84), but the A term remained high (17.0).

2.4.4 Retention and Separation of Various Analytes
2.4.4.1 Retention of Amitriptyline, Cholesterol, and Diazinon at pH 11.3
Diazinon (a pesticide), amitriptyline (a basic drug), and cholesterol (a lipid) were retained
on our second column (dp = 5 µm in Figure 2.10 B). Better efficiencies and decreased
asymmetries were seen at 60 °C, compared to 35 °C (see Figure 2.11).
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Figure 2.11 Effect of column temperature on the retention characteristics of amitriptyline,
cholesterol and diazinon using a high pH mobile phase (11.3).
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2.4.4.2 Retention of Amitriptyline and Three Organic Acids Under Acidic Conditions
Under acidic conditions (40:60 0.1% formic acid/ACN) different retention mechanisms
were seen for amitriptyline and various organic, aromatic acids. Amitriptyline was unretained at
35 °C and 60 °C. In this case, it would be reasonable to assume that ion repulsion was occurring
between amitriptyline and the stationary phase and this interaction overrode the hydrophobic
character of the stationary phase.
Retention of toluic, benzoic, and p-chlorobenzoic acids was seen using a 100% methanol
mobile phase containing 0.5 mM formic acid. Analytes exhibited substantial tailing (see Table
2.3). Retention increases with decreasing pKa (increased acidity) of analyte, consistent with an
ion exchange interaction between the stationary phase and analytes.

2.4.4.3 Separation of a Five Component Pharmaceutical Mixture
A mixture of drugs, which included acetaminophen (Tylenol), diazepam (Valium),
doxepin (Adapin), imipramine (Tofranil), and clomipramine (Anafranil), was separated at pH
11.3 using our third column (dp = 4 µm) at 60 °C with a flow rate of 0.8 mL/min using a basic
mobile phase of 40:60 water (0.1% TEA, pH 11.3)/ACN (see Figure 2.12). Some tailing was
observed. We speculate that hydrogen bond acceptance and/or polar bonds of these basic
analytes lead to interactions with the polar groups on the stationary phase, i.e., amine or hydroxyl
groups. It is also possible that some of the nanodiamond surfaces may not be completely coated
and any oxygenated moieties on those heterogeneous surfaces could also contribute to tailing of
more polar analytes.
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Table 2.3 Retention of various benzoic acids.
Acid
Toluic acid
Benzoic acid
p-chlorobenzoic acid

tr (min)
3.74
4.90
12.56

Sym.
3.02
2.73
2.74

pKa
4.37
4.20
3.99
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2.4.4.4 Separation of a Three Component Pharmaceutical Mixture at pH 2.7
Separations at low pH were also attempted on the third column (Figure 2.10 C, dp = 4
µm), where the first group of analytes was acetaminophen, diazepam and 2,6-diisopropylphenol
(propofol) (see Figure 2.13A).
The mobile phase was 40:60 water (0.1% formic acid, pH 2.7)/ACN. While
acetaminophen and diazepam were retained longer than in the basic separation, their efficiencies
were lower. We were pleased with the separation of propofol from the analyte mixture. Propofol
gave higher efficiency (48,300 N/m, k = 6.04) than we had seen with the other non-alkyl benzene
analytes, and the peak symmetry was very good. This led us to attempt a separation of various
phenols at acidic pH.

2.4.4.5 Separation of Phenolic Compounds and Derivatives at pH 2.7
Six phenolic compounds were separated using a mobile phase of 55:45 water (0.1%
formic acid pH 2.7)/ACN (see Figure 2.13 C). All of these analytes separated with an efficiency
of ca. 13,500 N/m or better. The less than optimal efficiencies could be attributed to the coreshell particles being packed into the column twice (see Experimental). We were pleased to see
fairly good resolution between the 2-chlorophenol and 4-chlorophenol isomers. A trend that
seemed apparent from this separation was that electron withdrawing groups appear to cause
greater tailing. This may be a result of an exposed diamond surface that retains the more
deshielded aromatic ring. Peak asymmetries could not be determined for this separation because
most of the compounds were not baseline separated.
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Figure 2.13 Separations of various analytes. All separations performed at 60 °C and acidic pH
(2.7). (A) Separation of three pharmaceuticals using 40:60 water (0.1 v/v % formic acid)/ACN at
0.8 mL/min on the dp = 4 μm column (Figure 2.10 C). (B) Retention of propofol using 70:30
water (0.1 v/v % formic acid)/ACN at 0.8 mL/min on the same column. (C) A mixture of
phenols using 55:45 water (0.1 v/v % formic acid)/ACN at 0.4 mL/min separated using a
50 mm × 4.6 mm ID column.
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2.4.4.6 Retention of Propofol
We again chromatographed propofol, and used a 70:30 water (0.1% formic acid, pH
2.7)/ACN mobile phase. The greater retention for this compound can be explained by the
increased water in the mobile phase, resulting in a plate count of 71,500 N/m (k = 13.4) and a
peak asymmetry of 1.12.
Note that we saw no signs of degradation of the column at low pH, which might have
been evidenced by an increase or significant decrease in its back pressure, or by a noticeable loss
of performance. It would appear that crosslinking of the PAAm prevents any substantial swelling
of the material.

2.5 Conclusions
We have reported the formation of pellicular particles prepared from carbon cores and
porous PAAm/nanodiamond shells for HPLC. The carbon cores, which are not commercially
available, were characterized by XPS, ToF-SIMS, SEM, and Raman spectroscopy. We first
developed a non-crosslinked C18 material. The resulting column appeared to be unstable, showed
low efficiencies, and resulted in a significant increase in back-pressure over a short period of
time, as had our previous non-crosslinked columns.48
Our next attempt to create a stable phase included the addition of a crosslinker (1,2,7,8diepoxyoctane) during functionalization. The back pressures of this column were the lowest
observed for any of our diamond-based core-shell particles to date. The pressure-flow behavior
was completely reversible and allowed us to obtain a van Deemter curve for this phase. The
optimal flow rate and theoretical plate height for our best performing alkylbenzene analyte, nbutyl benzene, were 0.44 mL/min and 18.6 µm, respectively. Our best results for a single
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injection of n-butylbenzene gave us 56,000 N/m (k = 1.70). Unfortunately, our A and C terms
were rather high.
Not only did the crosslinked phase show the best efficiencies yet seen for a diamondbased phase, ca. 71,000 N/m on a conventional HPLC, but it also exhibited good stability under
extreme pH conditions, i.e., pH 11.3 and even pH 13. A “sandwich” injection using a UHPLC
system showed best efficiencies of 110,000 – 120,000 N/m (k = 0.66 – 2.04) for three low
molecular weight analytes.
Improvement in our particle size distributions was accomplished through sonication,
which resulted in improved C terms for the columns packed with these particles. On the other
hand, the A terms were higher. This was attributed to an unoptimized column packing procedure.
Future work will focus on improving the column packing.
The columns packed with the sonicated phases separated a more diverse set of analytes.
Separations of pharmaceuticals at high (11.3) and low (2.7) pH were performed and phenols and
phenolic derivatives were separated under acidic conditions. While no stability studies, per se,
were performed under acidic conditions, there appeared to be no degradation of the phases under
these conditions.
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Chapter 3: Core-Shell Particles with Carbon Cores and Nanodiamond/Polymer
Shells for Mixed-Mode HPLC at Elevated Temperatures and pH 7 and 12

3.1 Abstract
We report an elevated temperature and pH study of a mixed-mode (C18/anion exchange),
core-shell material created by the layer-by-layer deposition of ca. 0.25 µm of poly(allylamine)
(PAAm) and nanodiamond onto spherical 3.5 µm carbon particles. Longer/narrower columns
were used in this study than previously reported (50 mm × 2.1 mm). Van’t Hoff plots were
obtained from 30 – 100 °C in regular intervals at pH 7 and pH 12 using three different classes of
analytes: alkylbenzenes, tricyclic antidepressants (TCAs) and β2-andrenergic receptor agonists.
Van Deemter data were also obtained and the resulting A-, B-, and C-terms for the alkylbenzenes
and TCA analytes are presented. All analyses were performed with water (10 mM phosphate
buffer, pH 7 or 12)/acetonitrile (ACN) mobile phases. The particles showed good stability at
high pH and at elevated temperatures over an extended period of time.

84

3.2 Introduction
Interest in elevated temperature high-performance liquid chromatography (HPLC) has
increased over the past few years.1,2 Indeed, numerous studies now show that as column
temperature increases in reversed-phase HPLC, retention of analytes almost always decreases
and improvement in efficiencies are not uncommon.3,4 Temperature thus becomes an important
parameter for optimizing the speed and resolution,3,5 and sometimes even selectivity2 of a
separation. The possibility of faster separations at elevated temperatures comes as a result of
enhanced transport and diffusion of analytes, and the decreased viscosity of the mobile phase
reduces column back pressure. As temperatures increase, optimal flow velocities occur at higher
flow rates because of an increase in the B-term and a concomitant decrease in the C-term of the
van Deemter equation:

𝐵

𝐻 = 𝐴 + + (𝐶𝑆 + 𝐶𝑀 )𝑢
𝑢

( 3.1 )

Accordingly, the resultant ‘flattening’ of the higher flow region of van Deemter curves allows an
increase in the speed of a separation without sacrificing much by way of efficiency.1,2
Nevertheless, there seems to be a lack of consensus regarding the effects of elevated
temperature on efficiency. Li and Carr6 stated that there is an assumption that the A-term often
does not depend on temperature, but that this is uncertain because at elevated eluent
temperatures, there should be an improvement in laminar flow and lateral mixing of the analytes
among different flow channels in a column. They further noted that improvements in efficiency
with temperature may not be significant. Xiang and coworkers7 observed that the effect of
temperature on the A-term is uncertain, the B-term increases, and the C-term decreases.
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Improvements to the C-term with temperature come from improved mass transport between
phases and diffusion inside the stationary phase.1,8 These conclusions are reasonable vis-à-vis the
terms in the classical/extended expressions for the van Deemter equation as described by
Giddings:9
𝐵 ∝ 𝐷𝑀

𝐶𝑀 ∝
𝐶𝑆 ∝

( 3.2 )

1

( 3.3 )

1

( 3.4 )

𝐷𝑀

𝐷𝑆

where DM and DS are the diffusion coefficients of the analyte in the mobile and stationary
phases, respectively. Obviously, diffusion coefficients increase greatly with increasing
temperature, which leads to a decrease of the CM and CS terms. Xiang further noted that elevated
temperatures are beneficial for accelerating analysis times without much efficiency loss.7 While
not contradictory, the papers by Li and Xiang suggest that there is currently no complete theory
on the effects of temperature on efficiency. Also the authors of both papers used complex
adsorbents composed of porous and nonporous zirconia with poly(butadiene) layers. It is
possible that conformational changes in the structure of bonded polymer layers may increase
with temperature, affecting interactions between analytes and the bonded phase with these
zirconia-based materials.
Various studies10-13 indicate that better efficiencies are obtained at elevated temperatures,
but that there is a need for temperature optimization11,13,14 to obtain the most efficient separation.
For example, de Villiers and coworkers15 showed that efficiencies improved when elevated
temperatures were used. This was attributed to reduced contributions of secondary equilibria to
plate height. Teutenberg4 noted that it has been reported that separation efficiency will increase
at higher temperatures, but this hypothesis cannot be supported by the van Deemter equation. He
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also noted that there is no absolute increase in efficiency when temperature is increased because
it is not possible to lower the minimum of the van Deemter curve with temperature.2 In real
chromatographic systems the effect of temperature depends on many experimental details,
including column size and geometry, effectiveness of eluent pre-heating and post-cooling,
chemical structure of the stationary phase, and even on differences in thermal expansion
coefficients between column housings and adsorbents.16-18 Interest in exploiting the favorable
characteristics of elevated temperature LC has been directed towards the separation and analysis
of biological macromolecules.19
Mobile phase characteristics are altered at elevated temperatures. This effect is especially
significant for water, where as temperature increases water becomes less polar due to a change in
its static permittivity.20 Hence, water-only applications have become a possibility for elevated
temperature HPLC, where these conditions are not only environmentally friendly, but allow the
use of other detection methods,21-23 including flame ionization detection (FID).24
An analysis often used to yield information regarding both the thermodynamics and the
consistency of the retention mechanism in elevated temperature separations is based on the van’t
Hoff equation:25
ln 𝑘 =

−∆𝐻°
𝑅𝑇

+

∆𝑆°
𝑅

+ ln Φ

( 3.5 )

where k is the retention factor, T is the temperature in Kelvin, R is the ideal gas constant, Φ is the
phase ratio, and ΔH° and ΔS° are the enthalpy and entropy of transfer of the analyte from the
mobile phase to the stationary phase, respectively. Accordingly, a van’t Hoff plot is a plot of ln k
vs. 1/T, where the slope yields ΔH° and the intercept gives ΔS° if Φ is known.
The linearity of a van’t Hoff plot may be an indication of an unchanging retention
mechanism at different temperatures, although there is some question regarding the validity of
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this statement.26 A nonlinear van’t Hoff plot points to a change in retention mechanism over the
given temperature range.25 The magnitude and sign of ΔH° should be a reflection of the
interaction between the analyte and the stationary phase; the greater and more negative ΔH°, the
more the analyte interacts with the stationary phase. A common set of analytes used for this type
of study is the alkylbenzenes.27,28
The development and study of stationary phases/supports that are stable at high pH and
elevated temperature is a current topic in HPLC. Significant interest exists in this area because of
the need to separate basic analytes, many of which are important to the pharmaceutical
industry.29,30 Such compounds often show lower retention14,31 and greater tailing if the separation
is performed at a more neutral pH.32,33 Hence, it would be advantageous for a column to exhibit
stability at high pH values. McCalley stated that the improvements in efficiency due to elevated
temperature under low to moderate pH in the separation of basic compounds “are so considerable
that more thought should be given to carrying out analysis of basic compounds at elevated
temperature and the development of columns which are stable at these temperatures”.34
Evidently, separations using eluents at extreme pH values and at elevated temperature are a
current challenge for reversed-phase HPLC.
This chapter is a study of a new core-shell phase that shows good stability at both
elevated temperature and high pH (pH 12). These particles are created by coating spherical
carbon core particles with poly(allylamine) (PAAm) and nanodiamond in an alternating layerby-layer deposition, as first outlined by Saini and coworkers,35 by Wiest and coworkers36 and by
Hung and coworkers.37 The particles were given the desired functionality by reacting the final
PAAm-terminated surface with a mixture of 1,2-epoxyoctadecane (to contribute C18 moieties)
and 1,2,7,8-diepoxyoctane (for crosslinking). We have previously reported the deposition and
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reactivity of PAAm onto diamond particles for solid phase extraction38,39 and onto patterned
silicon substrates for lab-on-a-chip type devices.40 In this study we perform separations of
alkylbenzenes and tricyclic antidepressants (TCAs). Van’t Hoff studies are performed from 30 to
100 °C, and van Deemter curves are obtained at pH 7 and 12. A van Deemter study at 22, 40, 60,
and 80 °C was also performed with TCA analytes. This work indicates that our mixed-mode
(C18/anion-exchange) phase, which is formed by deposition of ca. 0.25 µm of poly(allylamine)
(PAAm) and nanodiamond onto spherical 3.5 µm carbon particles, can perform efficient
separation of basic analytes at elevated temperature and pH. Longer/narrower columns (50 mm ×
2.1 mm) were used in this study than previously reported (30 mm × 4.6 mm) and each separation
was performed with aqueous 10 mM phosphate buffer (pH 7 or 12)/acetonitrile (ACN) mobile
phases.
Work on diamond-based stationary phases for liquid chromatography has also been
performed by Nesterenko and coworkers, who employed sintered, microdispersed detonation
nanodiamond for normal phase HPLC separations41 and ion exchange chromatography.42 They
showed baseline separations of various compounds using their normal phase material and
achieved efficiencies of 15,400 plates/m. Their peaks showed considerable asymmetry,
especially at longer retention times. In more recent work they have achieved 45,300 plates/m.43
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3.3 Materials and Methods
3.3.1 Reagents and Materials
Water (18 MΩ resistance, filtered using a Milli-Q Water System, Millipore, Billerica,
MA); methanol, (HPLC grade, Fisher Scientific, Fair Lawn, NJ); isopropyl alcohol (ChromAR,
Mallinkrodt Baker); acetonitrile (ACN) (HPLC grade, EMD, Gibbstown, NJ); monosodium
phosphate monohydrate, disodium phosphate heptahydrate, trisodium phosphate dodecahydrate,
benzenoid hydrocarbon kit, doxepin HCl, imipramine HCl, amitriptyline HCl, clomipramine
HCl, cimaterol, tulobuterol HCl, mabuterol, HCl and mapenterol HCl (Sigma Aldrich, St Louis,
MI).

3.3.2 Particle Preparation and Characterization
Particles were prepared via a layer-by-layer (LbL) procedure, as described previously,36
to yield particles with carbon cores and poly(allylamine)/nanodiamond shells (see Figure 3.1).
The carbon cores were created by oxidizing, carbonizing and acid washing 5 µm
polydivinylbenzene spheres as described by Hung et al.37 The core diameter was 3.5 µm and the
final particle size was 4.0 µm. The columns used were from the same batch of synthesized
particles. Particle sizes were measured using a scanning electron microscope: Helios Nanolab
SEM FEG (FEI Corporation, Hillboro, OR) and BET isotherm measurements were taken using a
Tristar II (Micromeritics, Norcross, GA). Columns packed with particles made in a procedure
similar to those previously reported36,37 are marketed as the Flare mixed-mode, C18/anion
exchange column (Diamond Analytics, Orem, UT.)
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3.3.3 HPLC
We used an Infinity 1290 chromatograph (Agilent, Santa Clara, CA) equipped with a
binary pump, autosampler, column heater capable of heating up to 100 °C, and a UV/Vis diode
array detector paired with a 10 mm Max-Light flow cell, all operating on OpenLab CDS,
ChemStation Edition (Rev. C.01.03.37) software. Alkylbenzenes were analyzed using
45:55 10 mM aqueous phosphate/ACN buffer (pH 7 and 12) mobile phases. The TCAs were
analyzed with 60:40 10 mM aqueous phosphate/ACN buffer (pH 7 and 12) mobile phases. The
β2-agonist mixture was analyzed with a 70:30 10 mM aqueous phosphate/ACN buffer (pH 12)
mobile phase. The alkylbenzene mixture contained butylbenzene, hexylbenzene, and
phenyloctane (octylbenzene) – all had linear alkyl chains, each with a ca. 1 mg/mL
concentration. They were dissolved in ACN. Some TCAs, i.e., doxepin, imipramine,
amitriptyline and clomipramine, each with concentrations of ca. 0.3 mg/mL were dissolved in
70:30 water 10 mM phosphate/ACN buffer (pH 12). A mixture of β2-andrenergic receptor
agonists (β2-agonists) (cimaterol, tulobuterol, mabuterol, and mapenterol) each at ca. 0.2 mg/mL
were dissolved in 50:50 10 mM aqueous phosphate/ACN buffer (pH 12).
Van Deemter curves were obtained with the TCA mixture at 22, 40, 60, and 80 °C.
Injections (0.5 µL) were made with the autosampler. Data for the van’t Hoff plots were obtained
from 30 – 100 °C in 10 °C increments for the alkylbenzenes, TCAs, and the β2-agonists. The
mobile phase was preheated with a capillary in-line heater prior to entering the column. Data
were plotted as van Deemter and van’t Hoff plots, where van Deemter data were fitted using a
least squares fit in Microsoft Excel 2010.
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3.4 Results and Discussion
3.4.1 Particle Characteristics
Spherical carbon cores prepared in our lab were functionalized with porous
PAAm/nanodiamond bilayer shells yielding core-shell particles with an average particle diameter
of 4 µm, as described previously.36,37 Figure 3.1A shows an SEM micrograph of the bare
carbonized particles. The dimples seen on these particles are likely caused from particle fusion
and subsequent separation during the carbonization process. Figure 3.1B shows the particles after
deposition of seven PAAm/nanodiamond bilayers and Figure 3.1C shows the particles after
deposition of 15 bilayers. These micrographs show uniform shell growth. BET surface area
analysis showed that the surface area of these particles was 14.6 m2/g. While this is a low surface
area for a chromatographic support, it appeared adequate for good chromatography when
relatively low analyte concentrations and injection volumes were used.

3.4.2 Effect of Mobile Phase pH on the Separations of Alkylbenzenes
Using columns packed with the particles prepared in the previous section, separations of
ethylbenzene, butylbenzene, hexylbenzene and octylbenzene were performed (see Figure 3.2).
These stationary phases contain many amine groups from the PAAm precursor. At pH 7 the
amines are mostly protonated as the pKa of a molecular analog of PAAm (allylamine) is 9.49. At
pH 12, the reverse will occur, namely the amines from the poly(allylamine) will be mostly
deprotonated.
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(A)

(B)

(C)

Figure 3.1 SEM of cores and core-shell particles after deposition of (A) 0, (B) 7, and (C) 15
bilayers.
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We tested the effects of mobile phase pH, i.e., protonation state of the column, on
retention using the alkylbenzenes as probes. Separations performed at pH 7 and 12 were very
similar (see Figure 3.2). Indeed, Table 3.1 shows that the selectivities, α, of the separations are
nearly identical. The retention of the analytes in the pH 12 separation is ca. 3 % greater than in
the pH 7 separation. Somewhat greater retention is expected at elevated pH because the column
is deprotonated (more hydrophobic). The most significant difference between the separations
was efficiency, which decreased by ca. 6 – 8 % at pH 7 compared to pH 12. Perhaps the
protonated (pH 7) stationary phase has greater heterogeneity.
To further understand these separations, van Deemter studies were performed at pH 7 and
pH 12 (see Figure 3.3). The results are as expected. For example, the van Deemter curves for
octylbenzene as analyte are very similar. The greatest difference between the curves is in their Cterms, which may be due to the more swollen (thicker) stationary phase likely present at lower
pH. The A-term for the pH 7 separation is slightly larger, which may also be a result of a more
swollen stationary phase. The B-terms are essentially identical. Thus, it appears that the
separation of neutral analytes is slightly more efficient at elevated pH.

Table 3.2 shows the

A-, B-, and C-terms for butyl-, hexyl-, and octylbenzene at pH 12. The A- and C-terms decrease
with increased retention of the analytes, and the B-terms and optimal flow rates increase with
increased retention. With these nonpolar analytes, increased retention correlates with improved
efficiency.
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Table 3.1 Separation of alkylbenzenes at pH 7 and 12.
pH 7
Ethylbenzene
Butylbenzene
Hexylbenzene
Octylbenzene
pH 12
Ethylbenzene
Butylbenzene
Hexylbenzene
Octylbenzene

k
0.68
1.41
3.07
6.99
k
0.70
1.46
3.17
7.17

α*
2.07
2.17
2.28
α*
2.08
2.17
2.26

T5%
1.38
1.30
1.31
1.25
T5%
1.43
1.25
1.30
1.25

A10%
1.47
1.43
1.41
1.23
A10%
1.46
1.42
1.39
1.21

N/m
31558
41937
60785
78280
N/m
33289
45435
65225
82559

*Selectivities calculated as the ratio of k for the analyte divided by k for the previously eluting
analyte.

Table 3.2 Van Deemter terms for the alkylbenzenes and TCAs at pH 12.
Butylbenzene

Hexylbenzene

Octylbenzene

Doxepin

A

14.05

10.11

9.22

11.2

9.0

9.5

9.8

B

0.078

0.100

0.105

0.027

0.035

0.041

0.043

C

103.26

54.29

23.60

98.5

63.2

67.1

45.1

Hmin

19.7

14.8

12.4

14.4

12.0

12.8

12.6

umin

0.03

0.043

0.067

0.017

0.023

0.025

0.031
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Imipramine

Amitriptyline

Clomipramine
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Figure 3.2 Chromatograms of alkylbenzenes separated at pH 7 and 12 using 45:55 10 mM
aqueous phosphate/ACN buffer mobile phases at pH 7 (red) and 12 (blue)/ACN mobile phases at
22 °C, 0.13 mL/min.
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Figure 3.3 Van Deemter curves performed at (A) pH 7 and (B) pH 12 for octylbenzene.
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3.4.3 Effect of Mobile Phase pH on the Separation of TCAs and van Deemter Analysis
While the separations performed at pH 7 and pH 12 were very similar for the
alkylbenzene analytes, the effects of pH on the separation of the tricyclic antidepressants (TCAs)
was drastic. Separations performed at pH 7 (see Figure 3.4) showed significant tailing (A10% ca.
2.7), reduced retention, where the first two analytes coeluted, and relatively poor efficiencies (ca
14,000 N/m). As McCalley has noted,30,44-46 the separation of basic analytes at moderate pH
results in shorter elution times and greater tailing. In contrast, the pH 12 separation showed
decreased tailing (A10% ca. 1.8 – 2.0), increased retention, and substantially improved
efficiencies (ca. 60,000 – 80,000 N/m).
Van Deemter curves were obtained at pH 12 for doxepin, imipramine, amitriptyline and
clomipramine. Representative van Deemter plots for imipramine and clomipramine are shown in
Figure 3.5. Table 3.2 gives the van Deemter data for the four TCAs. The optimal plate heights
for the best performing TCAs, imipramine, amitriptyline, and clomipramine, are about the same
as Hmin for octylbenzene, the best performing alkylbenzene, albeit under different mobile phase
conditions.
The trends in the B- and the C-terms for the two sets of analytes give results that are not
expected from van Deemter theory. In the van Deemter equation, B=2γDM. Accordingly, one
would expect an increase in B with increasing diffusion coefficient (decreasing size of an
analyte). For the alkylbenzenes, the B-term increases with increasing analyte size. Also, from
van Deemter theory, we would expect similar B-terms from the TCAs because of their similar
sizes. This was not the case. The B-terms vary rather substantially. For both sets of analytes, the
B-term appears to increase with retention time, however, the B-term has no time dependence.
The C-terms for these analytes also appear not to follow van Deemter theory. Both CS and CM
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are inversely proportional to analyte diffusion coefficients. Accordingly, C should increase with
larger analyte size, yet we observe the opposite effect. At this time we do not fully understand
these effects.
Table 3.1 shows that the tailing factors and asymmetries for the alkylbenzenes are all
below 1.5 and as low as ca. 1.2. In contrast, the TCAs show considerably more tailing – tailing
factors and asymmetries at pH 12 from ca. 1.7 – 2.0. These results suggest an increased number
of secondary interactions between the TCAs and the stationary phase, which would be expected
given the increased complexity of these analytes. It is also interesting to note that the optimal
linear velocity for the TCA analytes is less than half of the optimal linear velocity for
octylbenzene. This is attributed to the larger C-terms of the TCAs. McCalley noted this effect,
observing that optimal flow rates decreased for basic analytes, and tailing increased as compared
to neutral analytes.34
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Figure 3.4 Chromatograms of TCAs at pH 7 and 12 using 60:40 10 mM aqueous phosphate/ACN
mobile phases at 22 °C, 0.1 mL/min.
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Figure 3.5 Van Deemter curves of (A) clomipramine and (B) imipramine performed at pH 12.
Structures of the analytes are given on the right.
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3.4.4 Effect of Temperature on TCAs and their van Deemter Minima
Van Deemter plots were obtained at 22, 40, 60, and 80 °C for the TCA mixture. The
resulting A-, B- and C-terms, and optimal linear velocities and plate heights are given in Table
3.3. The B-term increased with increasing temperature, which is expected because of the linear
dependence of B on DM, and the exponential dependence of DM on temperature.1,2,16 The A-terms
were roughly constant with temperature. From 22 – 40 °C, we observed a decrease in the C-term,
which would be expected because of its inverse dependence on analyte diffusion coefficients;
however, each C-term increased at 80 °C. It is not entirely clear why this latter change occurs.
The optimal linear velocity always increased with increasing temperature, which is also
expected.1,2,12,16 Optimal plate heights increased with temperature (efficiencies decreased), which
is consistent with Teutenberg’s statement that an increase in efficiency is not possible with
temperature according to van Deemter theory.1,2

3.4.5 Van’t Hoff Analysis of Alkylbenzenes from 30 – 100 °C
We performed a van’t Hoff analysis from 30 – 100 °C using alkylbenzene analytes
(butyl-, hexyl-, and octylbenzene). Measurements were taken in triplicate every 10 °C with a
45:55 10 mM phosphate/ACN (pH 7 and 12) mobile phase. The resulting van’t Hoff plots of ln k
vs. 1/T at both pH 7 and 12 appeared to consist of two linear regions (see Figure 3.6). The
transistion point between these two regions was at ca. 60 °C. Similar transitions are often
observed with C18 type phases and are attributed to phase transitions or changes in retention
mechanisms.18
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Table 3.3 Van Deemter analysis of TCAs performed at 22, 40, 60, and 80 °C. The mobile phase
was the same in these experiments (60:40 10 mM aqueous phosphate/ACN, pH 12).
Doxepin
22
40
60
80
A
7.56
8.55
8.41
8.55
B
0.05
0.06
0.08
0.11
C
112.9
80.5
81.0
95.6
umin
0.021
0.028
0.031
0.034
Hmin
12.3
13.0
13.4
15.0
Imipramine
22
40
60
80
A
5.37
6.70
6.75
5.39
B
0.06
0.07
0.08
0.14
C
91.6
60.1
59.0
79.8
umin
0.025
0.034
0.038
0.041
Hmin
10.0
10.8
11.2
12.0
Amitriptyline 22
40
60
80
A
5.84
6.86
6.66
5.39
B
0.06
0.08
0.10
0.14
C
91.8
62.3
61.5
79.8
umin
0.026
0.036
0.040
0.041
Hmin
10.7
11.3
11.5
12.0
Clomipramine 22
40
60
80
A
6.64
6.53
5.96
2.86
B
0.07
0.09
0.12
0.19
C
56.6
51.5
51.3
83.7
umin
0.034
0.042
0.048
0.048
Hmin
10.5
10.9
10.8
10.9
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Figure 3.6 Van’t Hoff plots from 30 – 100 °C for alkylbenzene analytes.
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The enthalpy of transfer of an analyte from the mobile phase to the stationary phase,
ΔH°, is easily calculated from the slope of a van’t Hoff plot. Table 3.4 gives the enthalpies of
transfer for the lower (30 – 60 °C) and higher (60 – 100 °C) temperature regions of the plots. As
expected, in both temperature ranges, ΔH° becomes steadily more negative with increasing alkyl
chain-length. Interestingly, the lower temperature region shows smaller enthalpies compared to
the elevated temperature region. An increase in enthalpy implies greater interactions between
both the analyte and the stationary phase, and perhaps a greater degree of absorption of the
analyte in the stationary phase, which, by expulsion of the analyte, would allow more hydrogen
bonding to take place in the mobile phase. Thus, these results are consistent with a stationary
phase that is less accessible to the analyte at lower temperatures and more accessible at higher
temperatures. Also of note: there appeared to be no significant differences between the ΔH° data
obtained at pH 7 and pH 12 for the alkylbenzenes, which is consistent with the similar retention
times for the analytes (see Figure 3.2).

3.4.6 Van’t Hoff Analysis of TCAs and β2-Andrenergic Receptor Agonists from 30 – 100 °C
Van’t Hoff analysis was also performed on four TCAs and four β2-agonists. All of these
compounds are basic analytes and were separated at pH 12. The TCA mixture, containing
doxepine, imipramine, amitripyline, and clomipramine, was analyzed with the same mobile
phase used in the previous experiments (60:40 10 mM phosphate/ACN, pH 12). The β2-agonist
mixture, containing cimaterol, tulobuterol, mabuterol, and mapenterol, were separated using a
70:30 10 mM phosphate/ACN (pH 12) mobile phase. As before, measurements were taken in
triplicate every 10 °C from 30 – 100 °C (see Figures 3.7 and 3.8).
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Table 3.4 Enthalpies of transfer for three alkylbenzenes at two pH values, four TCAs, and four
β2-agonists in the two linear temperature regions of their respective van’t Hoff plots. Analytes
are arranged based the magnitudes of their ΔH°60-100 °C values. Note that the data from the
different classes of analytes were obtained under different mobile phase conditions, and so are
not directly comparable.
ΔH°30-60 °C
ΔH°60-100 °C
(kJ/mol)
(kJ/mol)
Octylbenzene (pH7)
-12.43
-19.18
Hexylbenzene (pH 7)
-10.39
-16.01
Butylbenzene (pH 7)
-8.69
-13.24
-12.67
-19.13
Octylbenzene (pH 12)
-10.82
-16.00
Hexylbenzene (pH 12)
-9.25
-12.37
Butylbenzene (pH 12)
-8.54
-16.93
Clomipramine
-7.41
-15.41
Amitriptyline
-6.21
-14.75
Imipramine
-6.59
-13.98
Doxepin
-9.89
-16.30
Mapenterol
-8.52
-14.34
Mabuterol
-6.64
-11.96
Tulobuterol
-8.03
-10.98
Cimaterol
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As was the case for the alkylbenzenes, the TCAs and β2-agonists generally show two
linear regions with an inflection point at ca. 60 °C in their van’t Hoff plots, where the transition
is more pronounced for the TCAs. Once again, the higher temperature linear region shows a
steeper slope than the lower temperature region, which gives a ΔH° value that is greater in
magnitude (see Table 3.4) and indicates that the analytes interact more strongly with the
stationary phase at elevated temperatures. This result would again be consistent with a more
open/accessible stationary phase at elevated temperature.
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Figure 3.7 Van’t Hoff plots of some TCAs from 30 – 100 °C. Note that there appears to be an
inflection point around 60 °C.
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Figure 3.8 Van’t Hoff plots of some β2-Agonists from 30 – 100 °C. Note that there appears to be
an inflection point around 60 °C.
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3.4.7 Effect of Temperature and Flow Rate on Asymmetry and Tailing Factors for the TCAs
Both flow rate and temperature had an effect on peak tailing. Using the traditional
definitions of the tailing factor

and peak asymmetry

𝑎+𝑏

𝑇5% =

( 3.6 )

2𝑎

𝐴10% =

𝑏

( 3.7 )

𝑎

where a is the left side of the peak and b is the right side of the peak as defined by a line dropped
from the apex of the peak. The instrument software determined T5% and A10% for our TCA
separations, which showed that as temperature and flow rate increased, these factors changed
(see Figure 3.9 and 3.10). When the software did not produce a value, manual attempts were not
made to calculate the values in order to avoid adding error into the plots. As

flow

rate

increased, T5% and A10% decreased. As temperature increased to ca. 60 °C, T5% and A10% also
decreased and then remained fairly constant up to 100 °C – this latter statement applies more to
the A10% than T5% results.

3.4.8 Effects of Elevated Temperature and High pH on the Column
A single Flare mixed-mode column was used to do the van’t Hoff and van Deemter
analyses of the alkylbenzenes (pH 7 and 12) and the TCAs (pH 12) reported herein. Over 300
injections were made on the column, and it was in use for ca. 200 h, with much of that time spent
at elevated temperatures and/or at pH 12. The column did show wear over this time period.
About 10% of absolute retention was lost, although selectivity remained nearly constant.
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Figure 3.9 Effect of flow rate on A10% and T5% for four TCA analytes.
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Figure 3.10 Effect of temperature on A10% and T5% for four TCA analytes.
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A ca. 40% loss in efficiency was observed with the alkylbenzene probes. The data for the
van Deemter studies reported herein were collected at the beginning of the column life while
efficiencies were quite constant. The van’t Hoff studies, which depend solely on retention factor,
and not efficiency, were then performed. The efficiency loss corresponded to greater peak
fronting, which may be due to some bed degradation and may have been caused by the repeated
heating and cooling of the column. A more systematic study of column stability seems
warranted.
Another column from the same batch was used to perform the van Deemter study of the
TCAs at various temperatures and the van’t Hoff analysis of the β2-agonists. This column and the
column referred to in the previous paragraph showed very similar retention factors and
selectivities making direct comparisons possible.

3.5 Conclusions
We report the effects of temperature and flow rate on the Flare mixed-mode C18/anion
exchange column from Diamond Analytics using tricyclic antidepressants, β2-andrenergic
receptor agonists, and alkylbenzene analytes. The properties of these materials were explored
vis-à-vis van Deemter and van’t Hoff plots. The best efficiencies for the best performing
alkylbenzenes and TCAs were comparable and greater than 80,000 N/m. As temperature
increased umin also increased. Some of the trends in the B- and C-terms could not be explained by
van Deemter theory. The van’t Hoff analysis shows a phase change in the stationary phase at ca.
60 °C for the three different analyte classes. Overall, elution times decreased and peak
asymmetries improved as the analysis temperature increased, and good separations of all
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analytes were obtained. Some column degradation was observed after repeated exposure to
elevated temperature and pH.
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Chapter 4: Improvements in Core-Shell Particles with Polymer/Nanodiamond
Shells as Revealed by Scanning Electron Microscopy, Fast Ion Bombardment,
and van Deemter Analysis

4.1 Abstract
We report advanced microscopy (scanning electron microscopy with focused ion
bombardment and energy-dispersive x-ray spectroscopy (EDAX)) and chromatographic (van
Deemter analysis) characterization of different generations of core-shell particles coated with
polymer/nanodiamond shells. The combination of these techniques has resulted in an in-depth
analysis of each new prototype material. Once the properties of a new material are understood, it
can be improved upon and a subsequent generation of particles can be developed.
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4.2 Introduction
Silica has been used for most chromatographic separations for over half a century.1,2 Its
coated/silanized and uncoated forms give it a plethora of selectivities. However it has some
limitations.3-10 At low pH (below 2), the silane stationary phase hydrolyzes from the silica
support and at high pH (above 10), the silica itself dissolves. However, there are many analytes
that are best separated outside of this pH range. Thus, there is an interest, especially in the
pharmaceutical industry, to have particles that are stable at high and low pH.11-15 Phases that
show greater pH stability have been developed, including organic/inorganic hybrids,4,16,17 which
are an alternative to silica-based phases, having comparable efficiencies, and selectivities. Other
materials such as zirconia,3,18-22 porous graphitic carbon,23-28 and polymers29,30 are also stable at
high and low pH, but sometimes have relatively low efficiency, tailing, and/or poor batch-tobatch reproducibility. They also have selectivities that are different from the more traditional
silica-based reversed-phase materials.
Over the past six years, we have attempted to develop, from the ground up, a particle and
phase that are stable under extreme pH conditions and that show high efficiency and selectivity
with the batch-to-batch reproducibility expected from a commercial reversed-phase. Progress in
these areas has largely relied on the continual analysis of our particles, often by scanning
electron microscopy (SEM) in both routine and advanced modes. The resulting SEM
micrographs have been complemented by van Deemter analysis of our particles. Accordingly, in
this chapter we focus on the characterization of many of the particles we have developed.
The development of a new phase for chromatography is a non-trivial endeavor – many
material properties must be considered, including particle uniformity, porosity, and stationary
phase thickness, and these physical attributes must ultimately lead to high efficiency separations.
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Efficiency, as measured in plates/m (N/m), finds its origins in distillation theory and is an
important figure of merit for the quality of a separation.31 Theoretical plates are “imaginary
units” on which chemicals in a gas or liquid phase establish equilibrium. Each successive
equilibrium/plate results in greater purification for the chemical, i.e., the efficiency of a
separation increases with increasing numbers of theoretical plates. If one divides the length, L, of
a chromatographic column by its number of plates, N, one obtains the plate height, H, of a single
plate: H = L/N. Clearly, column efficiency increases with decreasing plate height.

4.2.1 Van Deemter Theory
The van Deemter equation32 takes into account the different parameters that affect
efficiency. The general form of the van Deemter equation is:
𝐻 =𝐴+

𝐵
𝑢

+ 𝐶𝑢

( 4.1 )

where H, A, B, C, and u represent the plate height, eddy diffusion, linear diffusion of the analyte
along the direction of flow, resistance to mass transfer, and linear velocity of the mobile phase,
respectively. These terms will now be described.
The A-term takes into account the multiple pathways that an analyte can take through the
column – the more paths the greater the term. It is defined as
A = 2λdp

( 4.2 )

where dp is the particle diameter and λ is a column packing constant. Thus, the smaller the
particle diameter and the lower (better) the packing constant, the lower the A-term. The packing
constant is affected by the uniformity of the packed particle bed and the particle
sphericity/roughness. Therefore, column efficiency will decrease if agglomerates are present,
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which disturb bed uniformity and increase the average particle diameter, or if the bed is poorly
packed.
The B-term accounts for longitudinal diffusion and is defined as
𝐵 = 2𝛾𝐷𝑀

( 4.3 )

where γ is the labyrinth factor and DM is the diffusion coefficient of the solute in the mobile
phase. Because diffusion in condensed phases is relatively slow, the B-term is often of only
moderate importance in liquid chromatography. Note also that diffusion coefficients decrease
with increasing molecular size, and that temperature affects B by decreasing mobile phase
viscosity and thereby increasing analyte diffusion.
Resistance to mass transfer, in both the mobile and stationary phases, determines the Cterm and is defined as follows:
𝐶𝑆 ∝

𝑑𝑓2

( 4.4 )

𝑑2

( 4.5 )

𝐷𝑠

𝐶𝑀 ∝ 𝐷 𝑝

𝑀

The C-term decreases as particle diameter and stationary phase film thickness decrease, resulting
in improved efficiency (smaller plate heights). It is also inversely proportional to the diffusion
coefficients of the analytes in the stationary and mobile phases. Thus, the larger a particle is, the
more an analyte can diffuse into it, resulting in greater band broadening and poorer efficiences.
Over the history of chromatography, particles have been developed with increasingly smaller
diameters because a decrease in dp improves both A and C. While these particles, which are now
smaller than 2 µm, have high efficiencies, they also give high system back pressures, greater
frictional heating in the column,33 thermal gradients34 and require more expensive
instrumentation.
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4.2.2 Superficially Porous Particles
In recent years, various manufacturers have introduced particles with nonporous cores
and porous shells as an alternative to smaller particles. These are referred to as pellicular, fusedcore, superficially porous, or core-shell particles. Compared to fully porous particles, these
particles reduce the diffusion path length of analytes in them and, as a result, these particles have
reduced C-terms.35-37 In addition, superficially porous particles often have more uniform particle
diameters and higher densities, which can lead to improved packing and better A-terms.
Recently, we have focused on making core-shell particles with inert cores and
polymer/nanodiamond shells.38-40

4.2.3 Core Materials
Here we consider diamond, zirconia, glassy carbon, and carbonized/oxidized
polydivinylbenzene (PolyDVB) microspheres as core particles for the layer-by-layer deposition
of poly(allylamine) (PAAm) and nanodiamond shells to form core-shell particles. These core
materials were selected because they are inert under extreme pH conditions and complement the
inertness of the porous PAAm/nanodiamond shell that is deposited on them. Other beneficial
properties of nanodiamond include excellent thermal conductivity, thermal stability, and a low
coefficient of thermal expansion. In addition, diamond does not swell when exposed to organic
solvents.41 Because of these outstanding properties and its interesting surface chemistry,42
diamond has previously been explored as a stationary phase for reversed-phase,43 normalphase,44 and anion exchange45,46 chromatography.

121

The first diamond-containing phases created in our group were used for solid phase
extraction (SPE).38,47,48 To prepare these materials, diamond was cleaned and coated with
PAAm. The PAAm was then chemically crosslinked or cured to give an amino phase.
Subsequent studies used this same PAAm-coated support that was reacted with hydrophobic
isocyanates to yield reversed-phase particles. All of the resulting PAAm-coated diamond
particles were non-porous and had fairly low capacities. To increase the surface area of the
materials, PAAm/nanodiamond bilayers were deposited on micron-sized diamond particles in a
layer-by-layer fashion to create porous polymer/nanodiamond shells.38 The resulting particles
were packed and used for HPLC. Separations of pesticides on a crosslinked amino phase and
alkylbenzenes on a non-crosslinked reversed-phase were demonstrated.
This work outlines our use of scanning electron microscopy and associated techniques to
characterize a variety of different nanodiamond-containing particles and phases. Whenever
possible, particles were packed into columns for HPLC and van Deemter analyses were
performed to further understand these materials.

4.3 Materials and Methods
4.3.1 Particle Synthesis, Functionalization and Column Packing
Core-shell particles were prepared by applying poly(allylamine) (PAAm) and
nanodiamond to core particles in a layer-by-layer (LbL) fashion. Details of this preparation have
been reported by Hung et al.,40 Wiest et al.,39 and Saini et al.38 The application of this LbL
coating scheme varied slightly when applied to the coating of zirconia core particles, which is
first reported herein. Zirconia particles were etched in hot 1 M sodium hydroxide overnight.
They were filter rinsed with Millipore water (18 MΩ purity) and subsequently coated with
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PAAm. LbL deposition, as previously reported, was then performed until the desired shell
thickness was reached. The shell thickness was

monitored by SEM. The final

PAAm/nanodiamond-coated core-shell particles were functionalized with 1,2-epoxyoctadecane.
After the reaction, the zirconia-based core-shell particles were packed into 4.6 mm × 30 mm
stainless steel columns.

4.3.2 Instrumentation
The columns were tested on a conventional HPLC: dual wavelength detector (Model No.
2487), binary pump (Model No. 1525), column oven (Model Number 5CH), Waters Corporation,
Milford MA and on a UHPLC instrument: Infinity 1290, (Agilent, Santa Clara, CA) equipped
with a binary pump, autosampler, and UV/Vis DAD detector. The chromatographic conditions
for each set of van Deemter analyses are summarized in Table 4.1. First generation (glassy
carbon), second generation (in-house prepared carbonized polyDVB), and third generation
(commercially obtained carbonized polyDVB) materials were analyzed with the Waters HPLC.
Some generation 3 materials were analyzed using the Agilent UHPLC. The designation of
“generation” signifies that van Deemter plots were obtained for the corresponding material.
SEM was performed with a Philips XL30 ESEM FEG or an FEI Helios Nanolab 600. To
prepare the microscope samples, rinsed, core-shell particles were dried and placed on weighing
paper and an aluminum SEM stub was lightly rubbed on the powders to get them to adhere to the
stub’s surface. Alternatively, isopropyl alcohol was pipeted onto the stub surface and a small
volume of particle-containing slurry was then mixed into the alcohol with a pipet and the stubs
were allowed to dry.
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For SEM imaging, a spot size of 3 was used with the SFEG instrument. The NanoLab
instrument was run at 0.17 nA. The accelerating voltages and imaging types are specified on the
individual micrographs shown herein. Ion milling with the FEI Nanolab was performed by first
depositing platinum over the surface. The ion current was set at about 6 – 10 pA for both
platinum deposition and ion milling.
Energy-dispersive x-ray spectroscopy (EDAX) was performed both in single point mode
and mapping mode. The beam energy was set at 30.0 kV and the stage was tilted at 29.9° with a
take-off angle of 57.2°. Resolution was 130 and Amp. T was 50.0. Carbon, zirconium, and
aluminum were used for 2D x-ray mapping.

4.3.3 Image Processing
Particle diameters were obtained using ImageJ Software (Ver. 1.44p, National Institutes
of Health, USA). Each individual image was threshold adjusted, which allowed the image to be
made binary. Binary image conversion converts pixels above the established threshold black
(features) and pixels below the threshold white (background). This adjustment needed to be
performed manually as brightness and contrast were different for each image. After the binary
conversion was completed, holes were filled with the software and a watershed function was
performed, splitting fused particle projections at their narrowest point. Watershed segmentation
is a way to “cut apart” or separate particles that touch each other by calculating the Euclidian
distance map and finding the ultimate eroded point, or the narrowest point between the fused
particles. Particles were analyzed using the “Analyze Particles” function. The parameters
measured were “particle perimeter,” and “fit ellipse” (major diameter, minor diameter and
angle.)
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The fit ellipse function operates as follows: “Major and Minor are the primary and
secondary axes of the best ﬁtting ellipse. Angle is the angle between the primary axis and a line
parallel to the X-axis of the image.”49 Parameter thresholds for particle analysis were set as
follows: circularity: 0.6 – 1.0 and area: 7 – 16 µm2. Average diameters, standard deviations, and
95 % confidence intervals were calculated in MS Excel.
For all measurements of diameters, the major diameter was calculated so particles fused
by the software could be included in the particle analysis. Roughly 40 – 60 particles were
measured per image. To obtain a measurement of particle roughness, which would later be
correlated with the van Deemter A-term, the perimeter (experimental circumference) of the
particles was compared to the theoretical circumference for each imaged particle. The theoretical
circumference was calculated by measuring the average particle diameter as measured by the fit
ellipse function and multiplying it by π. The ratio of the experimental circumference and the
theoretical circumference was taken as measure of the roughness of the particle. This roughness
calculation was then compared to the A-term.

4.4 Results and Discussion
Herein we show the SEM analysis of core-shell particles with diamond, zirconia, glassy
carbon and carbonized polyDVB cores. Van Deemter analysis is given where possible.

4.4.1 Diamond Core Materials
Images of diamond materials (see Figure 4.1) showed that the particles were highly
irregular. When these particles were packed into a column and used to separate analytes, they
had a very high back pressure. The best efficiencies obtained for these particles was 54,800 N/m
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for diazinon.38 This result set the benchmark for future diamond-containing particles as it was the
best efficiency obtained with a diamond-based material to date in the world. However, it was
clear that improvements in efficiency would be expected from particles with narrower particle
size distributions and greater sphericity – the irregular shapes of the particles would be expected
to lead to multiple flow paths and a poorly packed bed, resulting in a large packing factor (λ). It
was essential to find a material that would be more spherical and also provide chemical and
mechanical stability under harsh chromatographic conditions.

Figure 4.1 Irregular diamond cores coated with nanodiamond/polymer shells.
4.4.2 Zirconia Core Materials
4.4.2.1 Surface Imaging
Zirconium oxide (zirconia) was next considered as a core material because it is known to
have high chemical and mechanical stability, which are required under the high pressures and
extreme pH conditions of our separations.20 It could also be purchased as a more spherical core
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Figure 4.2 Bare zirconia cores.
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Figure 4.3 Coated zirconia cores: (top) Imaged using secondary electron mode, (bottom) Imaged
using gaseous secondary electron mode.
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Figure 4.4 Magnified image of nanodiamond/polymer surface on a zirconia core.
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material (see Figure 4.2) in comparison to the diamond core particles (see Figure 4.1). To image
the core-shell particles with zirconia cores, we found through trial and error that viewing the
particles in secondary electron mode gave more surface detail than images obtained in gaseous
secondary electron (GSE) mode (see Figure 4.3). GSE mode is a low pressure analysis technique
where ca. 0.1 torr of a polarizable gas (water) is used in the analysis mode. This helps to mitigate
charging effects from the surface, but typically lowers or distorts fine feature surface resolution.
Under secondary electron mode we saw details of the surface beyond what we had seen with our
diamond-based materials (see Figure 4.4). These images confirmed that we had completely
covered the core particles with PAAm/nanodiamond shells, that those shells were intact and that
our particles were largely spherical. While we had found good conditions to image the surface,
we still desired to measure shell and core dimensions simultaneously.

4.4.2.2 Ion Milling
The Helios NanoLab gave us the ability to image both the core and the shell of the
particles simultaneously. Our first approach here was ion milling, where after the particles were
coated with a protective and conductive layer of platinum, the zirconia-PAAm/nanodiamond
particles were milled with a focused beam of Ga+ ions and cross-sectional images were acquired
(see Figure 4.5). This analysis revealed that the particles had 2 µm zirconia cores with 0.5 µm
shells and that the shells were fairly uniform. While powerful, this method was time consuming,
i.e., if we wanted to examine the shell thickness/uniformity over an entire particle, we would
have to ion mill/shave off one portion of the particle at a time.
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Figure 4.5 Ion milled zirconia core-shell particles with platinum coating.
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4.4.2.3 “Halo” Imaging
Serendipitously, we imaged the zirconia core-shell particles with a high accelerating
potential and discovered an interesting effect: the zirconia core appeared through the shell and
was brighter than its carbon surroundings. To wit, as we increased the accelerating potential from
5 keV (Figure 4.6 top) to 20 keV (Figure 4.6, middle), the core became visible. At 30 keV, the
cores were plainly observed (Figure 4.6, bottom). We call these images “Halo” images. We
hypothesized that this effect occurred because zirconium is a higher Z material than carbon and it
more efficiently backscatters primary electrons or releases more secondary electrons. We further
assumed that as we increased the accelerating potential, the mean free path of the electrons
would

increase,

allowing

simultaneous

imaging

of

the

zirconia

core

and

the

polymer/nanodiamond shells.
Various studies have indeed shown that as the accelerating potential increases, electrons
penetrate deeper into a sample, and that the secondary electrons are generated from the top of a
teardrop profile.50 Research by Drouin et al.51 and Hovington et al.52,53 demonstrated this effect
via a CASINO simulation. They showed that electrons penetrated into a silicon substrate (Z =
14) to varying depths based on the accelerating voltage, i.e., electrons with greater energy have a
longer mean free path.54 When E0 = 5 keV, penetration of about 200 nm was observed. When
E0 = 30 keV, the penetration depth increased to 4584 nm. Another simulation performed by the
same group compared penetration of electrons using the same acceleration potential, but with
different Z materials. They compared carbon and gold and showed that electrons penetrate much
deeper into a lower Z material. They stated that the range of electrons into carbon was about six
times larger than their penetration depth into gold.
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Figure 4.6 Core-shell zirconia particles imaged with different accelerating potentials: (top)
imaged at 5 keV, (middle) imaged at 20 keV, and (bottom) imaged at 30 keV.
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To compare the measurements between halo images and milled cross sections, we used
the same sample (see Figures 4.5 and 4.6). Images were analyzed using Image J. The shell
thicknesses measured by both techniques corroborated each other. However, as halo imaging was
not as time-consuming as ion milling, we were able to analyze many particles simultaneously
with this approach (see Figure 4.7). Indeed, this technique allowed us to determine the deposition
rate of our PAAm/nanodiamond bilayers through direct measurement rather than by taking the
difference in particle diameters before and after layer-by-layer deposition (see Figure 4.8). After
14 bilayers had been applied, the shell thickness was 0.24 µm and after 28 bilayer depositions
the shell was 0.48 µm indicating a linear deposition rate of about 17 nm per bilayer.
The discoveries made with the zirconia core particles suggested that we would have an
improved A-term because of the spherical nature of our particles, which would reduce the flow
nonuniformity through a packed bed comprised of these particles. We would also have an
improved C-term, because of the superficially porous nature of the particles.

Figure 4.7 Low magnification image of many zirconia core-PAAm/nanodiamond shell particles.
Halo image taken at 30 keV.
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Figure 4.8 Halo images showing different shell thickness after deposition of (left) 14
PAAm/nanodiamond bilayers (0.24 µm shell), and (right) 28 PAAm/nanodiamond bilayers (0.48
µm shell).
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4.4.2.4 Energy-Dispersive X-ray Spectroscopy (EDAX)
We used EDAX as a materials characterization technique. A single point measurement of
the particles showed carbon, zirconium, oxygen, aluminum, and magnesium (see Figure 4.9). To
clarify these results and better determine where these signals were coming from, we obtained an
x-ray map of our sample (see Figure 4.10). When compared to the standard SEM image, the
emitted carbon and zirconium x-ray images corresponded to the particles, where, as expected,
lobes in the carbon images extended out further than those in the zirconia images. Aluminum and
magnesium scans showed that those signals came from the stub, suggesting that magnesium was
a contaminant in the aluminum. An oxygen map was also obtained, but gave inconclusive
results, as oxygen-containing species, aluminum oxide and zirconia (zirconium oxide), were
present in both the background and foreground, respectively.

Figure 4.9 EDAX single point measurment showing the presence of carbon, oxygen, zirconium,
aluminum and magnesium.
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Figure 4.10 Images of core-shell particles with zirconia cores. Standard SEM image (upper left),
and 2D x-ray maps of aluminum (upper right), zirconium (lower left), and carbon (lower right).
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4.4.2.5 Chromatographic Performance of Zirconia Core-PAAm/Nanodiamond Shell Particles
Zirconia core-PAAm/nanodiamond shell particles were functionalized with a reversedphase ligand and packed into a liquid chromatography column. We separated a mixture of
benzene,

toluene,

xylenes

and

mesitylene

with

this

column

using

a

50:50:0.1

water/acetonitrile/triethylamine (pH 11.3) mobile phase at 0.5 mL/min (see Figure 4.11). The
efficiency for mesitylene on this zirconia-based column was 41,700 N/m, which was an
improvement over the previous column prepared from irregular diamond cores (36,300 N/m for
mesitylene). We also saw a slight separation (not baseline) of the xylene isomers, which was not
observed with the diamond core column.
As we continued using the column, we noticed steadily increasing back pressures, which
prevented us from obtaining van Deemter curves. The increasing back pressures, likely caused
by clogged pores from fractured nanodiamond shells, were indicative of column failure and over
a short period of time, the retention time of analytes on this material decreased drastically (see
Figure 11). We verified the column degradation by performing a post-mortem on the column via
SEM, and saw that the shells on the particles had been damaged (see Figure 4.12). While the
particles in this column yielded better efficiencies than the irregular-diamond particles, they too
lacked mechanical stability and fell apart too quickly to be commercially viable. Improvements
needed to be made to increase the mechanical stability of the shell.
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Effect of Flow on the Original Diamond-Zirconia Column
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Figure 4.11 Chromatographic performance as a function of time of an alkylbenzene test mixture
(from left to right: benzene, toluene, xylenes, and mesitylene) on a 1,2-epoxyoctadecane
functionalized (C18) zirconia core column.
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Figure 4.12 Post mortem analysis of the zirconia core-PAAm/nanodiamond shell column. Notice
the particle irregularity and broken shells on the particles, which was not observed in previous
images.
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4.4.3 Carbon Core Materials
4.4.3.1 Glassy Carbon Core Materials
As the zirconia cores were prohibitively expensive, we decided to use a different core
material. Supelco donated to us some glassy carbon test particles, which were used as the new
core material. This glassy carbon material was coated with polymer/nanodiamond bilayers in the
same manner as the zirconia core. However, the particles were functionalized with both 1,2,7,8diepoxyoctane (a crosslinker) and 1,2-epoxyoctadecane in a 1:20 w/w ratio. The added
crosslinker gave greater mechanical stability, lowered the column back pressure, and made van
Deemter analysis possible. However, the first van Deemter curve obtained with this material had
a much higher C-term than expected (see Figure 4.13A). To understand these results, SEM and
PSD measurements were performed on the particles.39 The PSD analysis showed that the
particles were far from uniform and likely had many agglomerates. SEM confirmed this finding,
showing large agglomerates that would likely increase the A- and C-terms.
To improve these particles, sieving and sonication were employed. SEM analysis and
PSD measurements indicated that these changes to the procedure improved the particle size
distributions (see Figure 4.13 B and C). The van Deemter curves obtained with these better
particles showed improved (flatter) C-terms, but the A-terms increased with each successive
particle improvement. As the effective particle diameter improved, one would reasonably expect
the A-term to also improve; however, packing efficiency also has an effect on the A-term, which
suggests that our particle packing procedure became less effective as the particles became more
uniform.
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A

B

C

Figure 4.13 PSDs and corresponding SEM images of glassy carbon core-shell particles. (A) 14
µm mean particle diameter, no sieving, no sonication, (B) 5 µm mean particle diameter, sieved,
no sonication, (C) 4 µm mean particle diameter, sieved and sonicated.
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Despite these improvements, the C-terms were still higher than we expected for a coreshell phase. SEM was then used to analyze the glassy carbon cores in greater detail. Imaging of
the core material (see Figure 4.14) showed surface roughness that could be indicative of particle
porosity. Focused ion beam milling performed on random cores revealed that the particles had
varying degrees of porosity, some of which were quite high (see Figure 4.15). We had believed
these particles were nonporous. Nevertheless, SEM and FIB had revealed that they often showed
a large degree of porosity. These results could help explain the larger than expected C-terms.

Figure 4.14 Bare glassy carbon cores from Supelco. The surface appears to be rough in the
magnified image.
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Figure 4.15 Cross sections of glassy carbon core-shell particles obtained by ion milling. Particle
on the left shows little porosity. Particle on the right shows significant porosity, i.e., the internal
porosity of the particle is indistinguishable from its porous shell.
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4.4.3.2 In-House Prepared, Carbonized PolyDVB Cores
Without core porosity, the diffusion pathways for solutes will be decreased, thereby
reducing the C-term. More uniform and spherical particles are also expected to improve the Aterm. Accordingly, to obtain a nonporous material with better sphericity and uniformity we
created our own carbon cores (see Figure 4.16).40 These particles had improved sphericity and
appeared to be nonporous. They were formed from polydivinylbenzene (PolyDVB) spheres
created in our lab via a combination of procedures from various publications.38-40,55-59 The
PolyDVB spheres60,61 were then oxidized,58 carbonized62 and acid treated/oxidized63,64 to allow
improved adhesion of the PAAm layer. Deposition of the polymer/nanodiamond bilayers was
performed in the same manner as for the glassy carbon material, except that all of the particles
were sonicated. To remove large agglomerates, some of the particles were sieved. FIB was
performed on these materials and no core porosity was observed (see Figure 4.17). Columns
were then packed and van Deemter curves obtained. These columns showed improved A- and Cterms (see Table 4.2), but it is difficult to directly compare these results to the previous results
because of the different particle sizes and analytes.
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Figure 4.16 In-house synthesized, carbonized PolyDVB particles appear smoother and more
spherical than previous materials.
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Figure 4.17 Ion milled (cross sectioned) core-shell particles made with in-house synthesized,
carbonized polyDVB spheres show no visible porosity.
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Table 4.1 Conditions and analytes under which each van Deemter curve was obtained.
Analyte
k
MP
pH modifier
pH
Glassy carbon cores
In-house prepared
carbonized polyDVB
Commercially obtained
carbonized polyDVB

T (°C)

Butylbenzene

2.55 40:60 0.1 % Triethylamine 11.3

35

Decylbenzene

8.75 40:60 0.1 % Triethylamine 11.3

35

Hexylbenzene

4.31 50:50

10 mM Phosphate
buffer

12

35

Table 4.2 Van Deemter terms for each generation of carbon core-shell particle.
Column Name
dp (µm)
From particles shown
Glassy carbon
14
in Fig. 4.13Aa
From particles shown
5
in Fig. 4.13Bb
From particles shown
4
in Fig. 4.13Cb
3.3
In-house
In-House Column 1
3.3
In-House Column 2
3.3
In-House Column 3
In-House Column 4a
3.3
b
In-House Column 5
3.3
Commercial 1
Commercialb
4
Thicker Shell
Commercial 2
4
Thicker Shell
Commercial 3
4
Thicker Shell
Commerical 1
4
Thinner Shell
Commerical 2
4
Thinner Shell
Commerical 3
4
Thinner Shell
Commerical 4
4
Thinner Shell
a
Particles not sieved. bParticles sieved.
Core Type
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-1

-1

A (µm)

B (µm·cm/s )

C (µm·s/cm )

3.89

0.33

167.33

14.80

0.18

101.59

17.00

0.17

48.21

6.02
10.86
7.84
6.06
5.58

0.18
0.10
0.17
0.18
0.17

43.82
41.93
26.66
43.62
27.59

4.97

0.13

37.65

4.51

0.11

47.11

4.41

0.14

45.52

8.28

0.13

23.34

5.39

0.15

27.65

4.73

0.16

29.83

4.09

0.13

28.05

4.4.3.3 Carbonized, Commercially Obtained PolyDVB Cores
The previous two types of carbon core materials (the glassy carbon particles from
Supelco and the in-house synthesized particles) were improvements over their predecessors. A
newer core-shell particle was next created with a more uniform polyDVB core obtained from a
commercial vendor. The improvement sought with the commercially obtained polyDVB cores
was to increase the uniformity of the core, thereby improving d90/d10. With these particles, we
also attempted to optimize the shell thickness. As before, this material was oxidized, carbonized
and acid treated. PSD measurements revealed a very uniform core with a tight PSD,40 and SEM
analysis corroborated that finding (see Figure 4.18).
To optimize the shell thickness, SEM micrographs were taken frequently during
PAAm/nanodimaond bilayer depositions. The particle diameters were then measured from the
micrographs using ImageJ. About 40 – 60 particle diameters were measured from a single SEM
image at most stages in the particle growth. The standard deviation approximately doubled after
30 bilayer depositions (see Figure 4.19). This could potentially increase the A-term and affect
batch to batch reproducibility. Because the standard deviation remained fairly constant for the
first 15 bilayer depositions, we decided to decrease the number of bilayer depositions from 30 to
15. While this change should decrease the capacity of the column, it would also be expected to
decrease the C-term. Images of the core taken after depositions of 3, 7, 11, and 15 bilayers are
presented in Figure 4.20.
While these particles did have a larger diameter than the in-house polyDVB material, the
A-terms were lower than the previous materials, suggesting that we had improved the packing of
the column (see Table 4.2). The C-terms for these materials were also somewhat smaller,
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suggesting that decreasing the shell thickness improved C. We also obtained the best batch-tobatch reproducibility we had found in any of our materials.

4.5

0.25
Standard Deviation

Particle Diameter (um)

Figure 4.18 Bare, carbonized, commercially obtained polyDVB cores.
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Figure 4.19 Average particle diameter (left), and corresponding standard deviations (right) for
layer-by-layer growth on carbonized, commercially obtained polyDVB cores.
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A

B

C

D

E

Figure 4.20 Carbonized, commercially obtained polyDVB particles imaged after (A) zero layers,
(B) 3 layers, (C) 7 layers, (D) 11 layers, and (E) 15 layers.
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4.4.3.4 Van Deemter Analysis of Carbonized, Commercially Obtained PolyDVB Core-Shell
Phases
We compared particle diameter and roughness to the A-term and shell thickness to the Cterm, where the particles ranged in size from 3.90 – 3.95 µm with shell thickness of 0.392 –
0.416 µm. That is, because the A-term is governed by particle diameter and packing efficiency,
we compared the average particle diameter of each batch to the A-term. The particle diameter
and the A-term did not correlate. The particle roughness ratio, calculated by taking the ratio of
the experimental circumference to the theoretical circumference, was also compared to the Aterm (see Figure 4.21 and Table 4.3). While there is scatter in the data, and a an R2 value of
0.8443, there does appear to be an upward trend that associates particle roughness with an
increasing A-term even if it is a somewhat rough fit. These data suggest that particle roughness
had a greater effect on the A-term than the particle diameter. We also compared the shell
thickness to the C-term (see Figure 4.22 and Table 4.4).Greater scatter existed with this data (R2
= 0.5466), but the seven different columns (from four particle batches) suggested some
correlation between an increasing C-term with increasing shell thickness (see Figure 4.22).

Table 4.3 Correlation of A-term with surface roughness ratio. Data are averages of multiple
columns from the same particle batch.
Experimental Theoretical Particle
diameter
diameter roughness A
(µm)
(µm)
Ratio
Commerical 1
13.696
12.075
1.134 8.05
Thinner shell
Commerical 2
13.590
12.192
1.115 5.39
Thinner shell
Commerical 3
13.404
12.186
1.100 4.73
Thinner shell
Commerical 4
13.460
12.110
1.111 5.00
Thinner shell
152

8.00

R² = 0.8443

A-term (um)

7.00
6.00
5.00
4.00
3.00
1.095 1.100 1.105 1.110 1.115 1.120 1.125 1.130 1.135 1.140
Particle Roughness Ratio

Figure 4.21 A-term vs. particle roughness ratio. A general correlation is seen between roughness
and the A-term. Each individual column is represented in this plot.
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Table 4.4 Correlation of the C-term with shell thickness. Data are averages of multiple columns
from the same particle batch.
Core
Particle
Shell
diameter
diameter thickness C-term
(µm)
(µm)
(µm)
Commerical 1
3.510
3.902
0.392
23.3
Thinner shell
Commerical 2
3.529
3.936
0.407
27.6
Thinner shell
Commerical 3
3.530
3.946
0.416
29.8
Thinner shell
Commerical 4
3.504
3.907
0.403
28.0
Thinner shell

32.0
R² = 0.5466

C-term (um·s·cm-1)

30.0
28.0
26.0
24.0
22.0
20.0
0.390

0.395

0.400

0.405

0.410

0.415

0.420

Shell thickness (um)

Figure 4.22 Correlation of C-term with shell thickness. Each data point represents a different
column.
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4.4.3.5 Improvement of Carbon Core, Packed Chromatographic Columns as Shown by the Aand C-Terms
As discussed above, improvents were made with each successive generation of carbon
core material. The glassy carbon material gave inconsistent A and C-terms. The in-house
prepared carbon cores showed a large improvement over the glassy carbon cores in both A and
C, where the values of these terms were also more consistent, indicating improved
reproducibility in column preparation. As expected, the best performing columns were produced
with the carbon cores made from the commercial source. They had both the tightest grouping
and lowest values of A and C overall. The plot of A vs. C is shown below (see Figure 4.23)
where the points closest to the origin represent better columns.

180.00
160.00
140.00

C-term

120.00
100.00

Glassy

80.00

In House
Commercial

60.00
40.00
20.00
0.00
0.00

5.00

10.00

15.00

20.00

A-term
Figure 4.23 Plot of the A-term vs. the C-term for the best performing analytes from
columns in this study.
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4.5 Conclusions
SEM,

FIB,

and

EDAX

characterized

the

zirconia

core

particles

with

polymer/nanodiamond shells. Our “Halo” imaging and ion milling provided corroborating data
on our particle shell thicknesses and gave us methods to characterize our particles more
effectively.
As zirconia was prohibitively expensive, we sought a new core material that was both
more economical and more spherical. To this end, we used a glassy carbon core donated by
Supelco. With this material, we increased the particle stability by crosslinking the PAAm during
functionalization.
FIB allowed us to detect the core porosity of the glassy carbon material, which led us to
develop a polyDVB-based core that was nonporous. Data obtained from SEM and van Deemter
curves helped us identify potential improvements that could be made with subsequent syntheses.
Van Deemter curves and SEM validated each other throughout this process and helped identify
the effects of agglomeration, poor packing, particle porosity, particle roughness, particle
uniformity, and shell thickness on column efficiency, as well as individual van Deemter terms,
specifically the A- and C-terms. We have seen improvements in particle uniformity, particle
stability, and column efficiency in this study, and have associated the effects of particle
roughness and shell thickness with the A- and C-terms, respectively. Overall, SEM, FIB, and van
Deemter curves have been vital in the development of our core-shell materials during the past six
years.
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Chapter 5: Conclusions and Future Work
5.1 Conclusions
My graduate studies focused on the creation of core-shell particles that could be used for
liquid chromatography under extreme pH conditions and elevated temperatures. For this to
become a successful endeavor, the material needed to be stable at low pH (below 2), high pH
(above 11) and elevated temepratures. It also needed to have a useful selectivity for LC and be
synthesized reproducibly.
An early prototype of my work used zirconia as the core with layer-by-layer deposited
nanodiamond/polymer shells. The development of this material assisted us in learning to
characterize our material using SEM. We were able to determine our shell thickness with two
techniques: focused ion beam milling and “Halo” imaging. The reversed-phase column made
from this material lacked mechanical stability, yet this prototype was a step in the right direction
from the irregular diamond cores we had started with.
The next prototype used a glassy carbon shell from Supelco as the core with the same
layer-by-layer deposition of nanodiamond and polymer. These particles were simultaneously
functionalized and crosslinked with a C18 epoxide and a diepoxide resulting in a much more
mechanically stable material.
A column packed with these particles was stability tested at pH 11.3 and pH 13 and
showed very little degradation over the entire period of the test. Alkylbenzenes, cholesterol,
phenols, pesticides, and TCAs were separated on this column. Again, this column was an
improvement over previous generations, however further study revealed that this core was in fact
porous and the cores were not entirely spherical.
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The next columns used carbonized polyDVB as the core. These cores were much more
spherical and far less porous than the previous glassy carbon material. Studies at elevated
temperature were performed and while catastrophic failure was never observed, repeated heating
and cooling of the column appeared to substantially decrease the efficiency of the column over
time. TCAs were separated at pH 7 and 12 and a drastic difference in selectivity was observed.
At this point, we realized that our amine backbone likely gave a mixed mode character to our
ccolumn, resulting in a C18/WAX phase. Depending on pH, the phase would function more as a
reversed phase or more as a weak anion exchanger.
Overall this column has proven to be more reproducible than previous prototypes and
efficiencies of ca. 100,000 N/m (k ca. 4.5) are commonly seen. Many analyte mixtures have been
separated such as essential oils, β2-agonists, amphetamines, TCAs, phenols, alkylbenzenes and
triazine herbicides.

5.2 Future Work
While many advances have taken place during my time on this project, some deficiencies
still exist with the column that should be addressed in future work. The current particles have a
broad pore size distribution and low surface area, which needs to be improved. This might be
done by using a smaller nanodiamond, and/or nanodiamond with a narrower particle size
distribution. As the core is currently 3.5 µm in diameter, smaller cores should be manufactured
so as to give higher efficiencies and make faster and higher resolution separations possible. The
shell also needs to be optimized. Currently, the pore size distribution is very broad. Smaller
nanodiamond may reduce the pore size and increase surface area.
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It may also be possible to improve PAAm adhesion to the nanodiamond by carboxyl
terminating the diamond. Hünig’s base may improve surface functionalization by setting the
protonatation state of the PAAm. Other SN2 reactive molecules (alkylhalides) could be reacted
with the amine surface which would remove polar moieties currently present with the current
epoxide chemistry.
The column degradation observed with the repeated heating and cooling during the van’t
Hoff studies is of concern. It is not known whether the particles were degrading, or the particle
bed was becoming increasingly disordered. A test in which a column goes through repeated
temperature cycles with regular testing with a hexylbenzene standard and another column is kept
at high temperature with continual testing with the same analyte would determine the source of
this degradation.
If the column could be made stable to elevated temperatures for extended periods of time,
water-only separations and FID detection could be possible, and should be attempted along with
thermal gradients. Supercritical fluid chromatography might also be possible, considering the
potential stability of the column.
Other functionalities should be attempted as well. Varying the alkyl chain length on the
column could give different selectivity to the column. Other ligands, such as biphenyl, perfluoro,
phenylhexyl and HILIC-type phases might also be possible, considering the amine coated
support on this column.
Finally, other sizes of columns or traps should be packed making applications in UHPLC,
proteomics and MudPIT potentially viable.
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Appendix 1: Flare Mixed-Mode Column: β 2 -Agonists and Amphetamines *

A1.1 Introduction
Amphetamines are a class of chemicals that can act as stimulants, decongestants, and
hallucinogens, where some compounds in this category are illicit substances.1 All are primary or
secondary amines giving these compounds higher pKa values (9.3 – 9.8). At pH < 9.3 – 9.8 the
molecules are increasingly protonated, generally reducing retention on C18 columns, but at pH >
9.3 – 9.8 they are increasingly deprotonated (neutral), which can facilitate a reversed-phase
retention mechanism. Because of the lack of stability of most silica-based columns at elevated
pH, there are relatively few reports of the separation of these compounds in their neutral form on
silica-based C18 columns. Accordingly, it is often necessary to derivatize them.2 Here we show
their direct analysis at elevated pH using the Flare mixed-mode column.
Many β2-agonists are used to treat asthma and other pulmonary diseases by relaxing
smooth muscle tissue via action on the β2-adrenergic receptor.3 Some of them are used illegally
to increase the muscle to fat ratios in livestock.4 These chemicals are also amines – they are basic
analytes. Similar to the amphetamines, it is advantageous to operate at elevated pH when
separating them by a reversed-phase mechanism.
Separations of amphetamines and β2-agonists were performed at pH 12 using the Flare
Mixed-Mode column from Diamond Analytics. This column is the first functionalized, carbonbased phase.5 As this column is diamond-based, it has stability under extreme pH conditions.6

*This chapter has been published as an application note by Diamond Analytics (Landon A.
Wiest, David S. Jensen, Andrew Miles, Andrew Dadson, Matthew R. Linford)
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A1.2 Experimental

Analytes: Cimaterol, tulobuterol, mabuterol and mapenterol were purchased from SigmaAldrich. (St. Louis, MO). Phenylpropanolamine and methamphetamine were obtained from
Restek (Bellefonte, PA).
Sample: Analyte mixtures were created in the mobile phase as ca. 1 mg/mL solutions.
Column: Diamond Analytics Flare Mixed-Mode (2.1 mm × 50 mm, 4 µm)
System: Agilent 1290 UHPLC, binary pump, DAD, ChemStation software
Injection volume: 1.0 μL
Temperature: 35 °C
Flow rate: 0.2 mL/min
Detection: UV/Vis Diode Array Detector (254 nm)
Needle wash: 1 min with methanol
Mobile Phase: 70:30 10 mM aqueous phosphate buffer (pH 12)/acetonitrile, isocratic
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Scheme 1. Structure of the β2-agonists and amphetamines used in this application note.
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A1.3 Results and Discussion
Figure A1.1 shows baseline separation of four β2-agonists in under three min. For the
latter two compounds in the separation, efficiencies exceed 50,000 N/m and tailing factors are
close to 1. Figure A1.2 shows the baseline separation of two amphetamines and three β2-agonists
in under three min. Efficiencies of the latter two compounds are again in excess of 50,000 N/m

mAU

and tailing factors are ca. 1.
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Figure A1.1 Separation of four β2-agonists: (1) Cimaterol, (2) Tulobuterol, (3) Mabuterol, (4)
Mapenterol.
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Table A1.1 Retention of Various β2-Agonists.
Analyte
tr
N/m
Tf
1.
Cimaterol
0.601 14960 1.74
2.
Tulobuterol 1.164 38060 1.40
3.
Mabuterol 1.489 52580 1.15
4.
Mapenterol 2.485 73220 1.05
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Figure A1.2 Separation of β2-agonists and amphetamines: (1) Propanolamine, (2)
Methamphetamine, (3) tulobuterol, (4) Mabuterol, (5) Mapenterol.
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Table A1.2 Retention of Amphetamines and β2-Agonists.
Analyte
tr
N/m
Tf
1. Phenylpropanolamine 0.521
15520 2.25
2. Methamphetamine
0.760
25060
3. Tulobuterol
1.168
37620 1.36
4. Mabuterol
1.488
52580 1.15
5. Mapenterol
2.485
73400 1.06
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Appendix 2: Flare Mixed-Mode Column: Triazine Herbicides *

A2.1 Introduction
Triazine herbicides have been widely used, e.g., by Midwestern corn farmers in the
United States for weed control.1 And while generally effective, there is a major concern of these
herbicides entering the water supply. In particular, the more hydrophilic herbicides and their
degradation products can be carried by runoff into streams and the more hydrophobic varieties
and their degradation products can be absorbed by the soil and ultimately enter the ground
water.1 Triazine herbicides act as photosystem II inhibitors, reducing the electron flow from
water to NADPH2+ at the photochemical step in photosynthesis, which causes intolerable
oxidation in plants that eventually results in their death.2
Chromatographic methods, such as gas chromatography (GC) with electron capture
detection (ECD), have been used to determine the concentrations of triazine herbicides in water.
Nevertheless HPLC has some advantages over GC. HPLC allows analysis of polar, non-volatile,
and/or thermally labile analytes, where these analytes may be separated together with non-polar
analytes in a single run.3
The Flare mixed-mode column from Diamond Analytics was used to separate a mixture
of five triazine herbicides at pH 12 (see Scheme 1). Elevated pH values activate/accentuate the
reversed-phase retention mechanism of this column, which is the first functionalized,
carbon/nanodiamond-based phase. These materials give the column extraordinary stability under
extreme pH conditions.4-5

*This chapter has been published as an application note by Diamond Analytics (Landon A.
Wiest, David S. Jensen, Andrew Miles, Andrew Dadson, Matthew R. Linford)
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A2.2 Experimental
Analytes: Cyanazine, simazine, atrazine, propazine and prometryn were purchased from SigmaAldrich. (St. Louis, MO)
Sample: 2 mg of each analyte was dissolved in 6 mL mobile phase and 4 mL isopropanol
Column: Diamond Analytics Flare Mixed-Mode (4.6 mm × 33 mm, 4 µm)
System: Waters 1525 HPLC binary pump, Waters Column Heater (CH5), Breeze 3.30 SPA
software
Injection volume: 5.0 μL
Temperature: 35 °C
Flow rate: 0.7 mL/min
Detection: Waters 2487 Dual λ Absorbance Detector @ 254 nm
Mobile Phase: 70:30 10 mM aqueous phosphate buffer (pH 12)/acetonitrile, isocratic
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A2.3 Results and Discussion
Figure A2.1 shows separation of five triazine herbicides in less than 2.5 min. For the last
compound in the separation, the efficiency exceeded 36,000 N/m and tailing factors were 1.4 –

AU

1.5 for all analytes.
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Figure A2.1 Separation of five triazine herbicides: (1) cyanazine, (2) simazine, (3) atrazine, (4)
propazine, (5) prometryn.
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Table A2.1 Retention of Triazine Herbicides.
Analyte
tr
N/m
Tf
R
1. Cyanazine 0.501 19636 1.42 —
2. Simazine
0.889 6242 —
2.40
3. Atrazine
1.117 14152 —
1.01
4. Propazine 1.495 22273 1.43 1.77
5. Prometryn 2.179 36394 1.53 2.91
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Appendix 3: Separation of Lavender Essential Oil Using Gradient Elution on
the Diamond Analytics Flare Mixed-Mode/C 1 8 Column *

A3.1 Introduction
The Flare Mixed-Mode/C18 column by Diamond Analytics was used to separate the
components in lavender essential oil.
Lavender essential oil has been used topically to treat allergies,1 herpes,2 and the
appearance of stretch marks.3 Its oral uses have included the treatment of menopausal
conditions,4 insomnia,5 and premenstrual conditions.3 Lavender has also been used aromatically
as a relaxant, and sleep aid.5-6
While these previous uses are perhaps somewhat anecdotal, recent studies suggest that
lavender can be used as an analgesic,7 antifungal,8 anti-inflammatory,7 anti-microbial,8-9 antitumor10 and anti-mutagenic agent.11 Lavender has also been used as a sedative and to treat
anxiety.12-13
Lavender is composed of many compounds, including alcohols, esters, monoterpenes,
sesquiterpenes, phenols, aldehydes, coumarins, ketones and lactones.3

*This chapter has been published as an application note by Diamond Analytics (Landon A.
Wiest, David S. Jensen, Andrew Miles, Andrew Dadson, Matthew R. Linford)
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A3.2 Experimental
Gradient elution was used to separate the mixture of compounds that comprise the
lavender essential oil. Known components of the oil including linalool, linalyl acetate, and βocimene were purchased from Sigma-Aldrich (St. Louis, MO).

Sample: 5 μL of lavender essential oil from dōTERRA Intl., Orem, UT, dissolved in 1mL of
acetonitrile
Column: Flare Mixed-Mode Column (4.6 mm × 3.3 mm, 4.0 μm)
System: Agilent 1290 UHPLC, binary pump, DAD, ChemStation software
Injection volume: 2 μL
Temperature: 35 °C
Flow rate: 1.0 mL/min
Detection: Multiwavelength UV/Vis Diode Array (214, 230 nm)
Needle wash: 1 min with methanol
Mobile Phase: Gradient
A: 10 mM phosphate buffer, pH 8
B: Acetonitrile
Time Water ACN
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A3.3 Results and Discussion
The retention times of linalool (A), linalyl acetate (B) and β-ocimene (C) were obtained
by individually injecting each compound on the Flare column. These retention times were
compared with peaks present in the lavender essential oil. They appeared at the following
retention times: 1.03 min (linalool), 2.50 min (linalyl acetate) and 3.92 min (β-ocimene) (see
Figure A3.1).
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Figure A3.1 Gradient separation of lavender essential oil (214, 230 nm).
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Appendix 4: Separation of Melaleuca Essential Oil Using Gradient Elution on
the Diamond Analytics Flare Mixed-Mode/C 1 8 Column *

A4.1 Introduction
The Flare Mixed-Mode/C18 column by Diamond Analytics was used to separate the
components in melaleuca essential oil.
Melaleuca tree, melaleuca alternifolia, (tea tree) was used by aboriginal tribes to treat
wounds and skin infections.1 According to an essential oils handbook, melaleuca has twelve
times the antiseptic power of phenol and strong immune building properties.1 Recent studies
suggest that melaleuca can be used as an antibacterial,2-8 antifungal,9-13 anti-inflammatory,14-17
and antiviral agent.18 Melaleuca has also been used to treat boils and acne.17,19-20
Melaleuca is composed of many compounds including monoterpenes, phenols,
sesquiterpenes, alcohols and sesquiterpene alcohols.1

*This chapter has been published as an application note by Diamond Analytics (Landon A.
Wiest, David S. Jensen, Andrew Miles, Andrew Dadson, Matthew R. Linford)
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A4.2 Experimental
Gradient elution was used to separate the mixture of compounds that comprise the
melaleuca essential oil. A known component of the oil was purchased from Sigma-Aldrich (St.
Louis, MO).

Sample: 5 μL of Melaleuca essential oil (dōTERRA Intl., Orem, UT) dissolved in 1 mL of
acetonitrile
Column: Flare Mixed-Mode Column (4.6 mm × 3.3 mm, 4.0 μm)
System: Agilent 1290 UHPLC, binary pump, DAD, ChemStation software
Injection volume: 2 μL
Temperature: 35 °C
Flow rate: 1.0 mL/min
Detection: Multiwavelength UV/Vis Diode Array (214 nm)
Needle wash: 1 min with methanol
Mobile Phase: Gradient
A: 10 mM phosphate buffer, pH 8
B: Acetonitrile
Time Water ACN
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A4.3 Results and Discussion
The retention time of terpineol (A) was obtained by injecting it on the Flare column. The
retention time was compared with the peak present in the melaleuca essential oil. Its retention
time was 0.88 min (see Figure A4.1).
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Figure A4.1 Gradient separation of melaleuca essential oil (214 nm).
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Appendix 5: Separation of Eucalyptus Essential Oil Using Gradient Elution on
the Diamond Analytics Flare Mixed-Mode/C 1 8 Column *

A5.1 Introduction
The Flare Mixed-Mode/C18 column by Diamond Analytics was used to separate the
components in eucalyptus essential oil.
Eucalyptus essential oil vapor is used for asthma,1 bronchitis,2 flu,3 respiratory viruses,4
and for sanitizing.5-6 Topical uses include help with bronchitis,7 congestion,8 ear inflammation,9
inflammation,10-11 lice,12 and overextended muscles and pain.13
Recent studies suggest that eucalyptus can also be used as an analgesic,14 antibacterial,1516

anti-inflammatory,10 antiviral,17 and insecticidal agent,18-19 and can also reduce blood

pressure.20
Eucalyptus is composed of many compounds, including monoterpenes, alcohols and
aldehydes.13

*This chapter has been published as an application note by Diamond Analytics (Landon A.
Wiest, David S. Jensen, Andrew Miles, Andrew Dadson, Matthew R. Linford)
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A5.2 Experimental
Gradient elution was used to separate the mixture of compounds that comprise the
eucalyptus essential oils. Know components of the oil, including pinene and terpineol, were
purchased from Sigma-Aldrich (St. Louis, MO).

Sample: 5 μL of Eucalyptus essential oil (dōTERRA Intl., Orem, UT) dissolved in 1 mL of
acetonitrile
Column: Flare Mixed-Mode Column (4.6 mm × 3.3 mm, 4.0 μm)
System: Agilent 1290 UHPLC, binary pump, DAD, ChemStation software
Injection volume: 2 μL
Temperature: 35 °C
Flow rate: 1.0 mL/min
Detection: Multiwavelength UV/Vis Diode Array (214 nm)
Needle wash: 1 min with methanol
Mobile Phase: Gradient
A: 10 mM phosphate buffer, pH 8
B: Acetonitrile
Time Water ACN
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A5.3 Results and Discussion
The retention times of terpineol (A) and pinene (B) were obtained by individually
injecting each compound on the Flare column. These retention times were compared with peaks
present in the eucalyptus essential oil. They appeared at the following retention times: 0.88 min
(terpineol) and 4.63 min (pinene) (see Figure A5.1).
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Figure A5.1 Gradient separation of eucalyptus essential oil (214 nm).
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Appendix 6: Separation of Peppermint Essential Oil Using Gradient Elution on
the Diamond Analytics Flare Mixed-Mode/C 1 8 Column *

A6.1 Introduction
The Flare Mixed-Mode/C18 column by Diamond Analytics was used to separate the
components in peppermint essential oil.
Peppermint essential oil has been used medicinally to treat asthma,1-2 bronchitis,
candida,3-5 diarrhea,6 flu,7 halitosis,8 hot flashes,9 indigestion,10 migraines,11 nausea,12 and
vomiting.13 Peppermint oil is also documented to have antibacterial,14-16 anti-inflammatory,17-18
antispasmodic,2 and antiviral properties,19-22 and is an aid for digestion and indigestion.6,23
Peppermint is composed of many compounds, including phenolic alcohols, ketones,
monoterpenes, esters, furanoids, phenols, alcohols, furanocoumarins and sulphides.13

*This chapter has been published as an application note by Diamond Analytics (Landon A.
Wiest, David S. Jensen, Andrew Miles, Andrew Dadson, Matthew R. Linford)
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A6.2 Experimental
Gradient elution was used to separate the mixture of compounds that comprise the
peppermint essential oil. Known components of the oil including menthone and pinene were
purchased from Sigma-Aldrich (St. Louis, MO).

Sample: 5 μL of peppermint essential oil from dōTERRA Intl., Orem, UT, dissolved in 1mL of
acetonitrile
Column: Flare Mixed-Mode Column (4.6 mm × 3.3 mm, 4.0 μm)
System: Agilent 1290 UHPLC, binary pump, DAD, ChemStation software
Injection volume: 2 μL
Temperature: 35 °C
Flow rate: 1.0 mL/min
Detection: Multiwavelength UV/Vis Diode Array (230 nm)
Needle wash: 1 min with methanol
Mobile Phase: Gradient
A: 10 mM phosphate buffer, pH 8
B: Acetonitrile
Time Water ACN
0

70

30

12

30

70
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A6.3 Results and Discussion
The retention times of menthone (A) and pinene (B) were obtained by individually
injecting each compound onto the Flare column. These retention times were compared with
peaks present in the peppermint essential oil. They appeared at the following retention times:
1.40 min (menthone) and 4.64 min (pinene) (see Figure A6.1).
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Figure A6.1 Gradient separation of peppermint essential oil (230 nm).
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Appendix 7: Diamond Coating by Living Polymerization *
A7.1 Overview
A7.1.1 Abstract
A method for coating a diamond where an initiation site is provided on the diamond
surface or initiation of a living polymerization on the site and the initiation site is reacted with a
monomer having a site the reacts with and bonds to the initiation site to form an chemically
attached chain with a new initiation site on the chain for further reaction with a monomer. An
article with a coating upon a diamond surface, the coating the reaction product of a living
polymerization reaction with initiation site on the diamond surface.

A7.1.2 Statement of Attribution
My major contribution to this work is section A7.3.13. In it I reduced/hydroxylated an
oxidized diamond surface using LiAlH4. I then verified the surface functionalization using ToFSIMS and DRIFTS. The work in sections A7.3.14 – A7.3.14.2.2 is from a paper by Dr. Li Yang
who is primarily responsible for this content. Dr. Yang is also an inventor on the patent.

*This appendix has been publsihed as a United States Patent, US 8,147,985 B2. Issued April 3,
2012.
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A7.2 Summary of Invention
An aspect is a method for coating a diamond where an initiation site is provided on the
diamond surface for initiation of a living polymerization on the site. The initiation site is reacted
with a monomer having a site that reacts with and bonds to the initiation site to form a
chemically attached chain with a new initiation site on the chain for further reaction with a
monomer. An article with a coating upon a diamond surface can be made where the coating is
the reaction product of a living polymerization reaction with initiation site on the diamond
surface.
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A7.3 Detailed Description
Living polymerization involves first providing an initiator, or an initial reactive site,
which then reacts with a monomer. The monomer extends as a chain from the reactive site, and a
new reactive site forms on the end of the chain and the reaction is repeated with new monomer
molecule. In the process of the present invention, the initiator/reactive site is provided on the
diamond surface. Accordingly, as the chain forms, it extends from the diamond surface.
As is further described below, the initiating reactive sites on the diamond surface may include,
but are not limited to, –H, –OH, halogen (e.g. Cl or Br), and carbon-carbon double bond for ring
opening metathesis polymerization (ROMP)
The reactive site may be bonded directly to the diamond surface. For example, diamond
usually has –OH radicals attached to the surface, and can be used as is. Alternately, –H sites can
be applied by reaction of the surface with hydrogen. Halogens can be applied by reaction of –H
sites with halogen under suitable conditions. A surface with halogen sites can be treated with a
strong base to convert same to hydroxyl –OH sites. Hydroxyl sites can be treated with a strong
base such as NaH, NaNH2 or NaC≡CH, sodium methoxide, alkyl lithium or Grignard reagent to
provide an –O–, which can used to as in initiator in a ring-opening reaction to attach epoxide,
and the like. The surface of diamond can be treated so that it will contain carbon-carbon double
bonds.
The reaction sites may also be indirectly bonded. For example, a molecule with an
initiating active group can be bonded directly to the bonded surface, such surface with hydroxyl
groups (–OH) can be treated with a compound like 2-bromoisobutyryl bromide to provide a
reactive bromine for initiating ATRP.
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Living polymerization systems are characterized by a rate of chain initiation that is fast
compared with the rate of chain propagation, so that the number of kinetic-chain carriers is
essentially constant throughout the polymerization. Living polymerization can also be described
as a chain growth process without irreversible chain breaking reactions (transfer and
termination). Such a polymerization provides endgroup control. Side reactions can occur but
only to an extent which does not considerably disturb the control of the molecular structure of
the polymer chain. Examples of living polymerization include cationic, ring-opening metathesis,
group transfer, and radical polymerizations.
Characteristics of living polymerization may include, slow initiation, reversible formation
of species with various activities and lifetimes, reversible formation of inactive (dormant)
species (reversible deactivation), and reversible transfer (in some cases). Living polymerization
does not involve irreversible deactivation (i.e., termination), or irreversible transfer.
Reversible termination or reversible deactivation is a process where active species are in
a dynamic equilibrium with inactive (dormant) species. Examples include cationic, group
transfer, and radical polymerizations where the dormant species (P) are covalent and the active
ones (P*) can be ions, ion pairs, or radicals. A catalyst, co-initiator, or/activator may by used in
reaction of the active species, which becomes a deactivator or product of the activation process.
Reversible transfer can be a bimolecular reaction between a dormant and an active polymer chain
which only differ in their degree of polymerization or a reaction with a low molecular compound
with a structure similar to the chain end, e.g., addition of alcohols in the anionic ring-opening
polymerization of epoxides.
Since in living polymerization the ability of a growing polymer chain to terminate has
essentially been removed, chain transfer reactions are absent or insignificant. The rate of chain
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initiation is also much larger than the rate of chain propagation. The result is that the polymer
chains grow at a more constant rate than seen in traditional chain polymerization and their
lengths remain very similar.
Living polymerization for production of polymers is described in Macromolecular
Nomenclature Note No. 12, NAMING OF CONTROLLED, LIVING AND “LIVING”
POLYMERIZATIONS,

Krzysztof

Matyjaszewski

and

Axel

H.

E.

Müller,

at

http://www.polyacs.org/nomcl/mnn12.html; Living Ziegler-Natta Polymerization, Richard J.
Keaton,

Department

of Chemistry and

Biochemistry,

University of Maryland,

at

http://organicdivision.org/essays 2002/keaton.pdf, and “Living Polymers”—50 years of
evolution, Moshe Levy, Department of Materials and Interfaces, Weizmann Institute of Science,
Rehovot at http://www.weizmann.ac.il/ICS/booklet/18/pdf/levy.pdf.
Living polymerization as applied to the present process involves creating a living
polymerization initiating or active site on a diamond surface, and reacting this site with an
appropriate monomer. Thus, a polymer chain is grown on the surface from the original reactive
site on the surface. The monomer is chosen to impart to the diamond surface a selected property.
For example, a monomer with aromatic groups, primary, secondary, tertiary, or quaternary amine
groups, carboxyl groups, hydroxyl groups, sulfonic acid groups, cyano groups, alkyl chains, or
any other suitable chemistry.
The initiator/reactive site can be attached to the diamond surface by conventional
chemical bonding techniques. The choice of initiator/reactive site and monomer or monomers
depends on the living polymer system that is being used. The monomer also depends on the
surface properties that are to be imparted to the diamond by the coating. For example, the
monomer may have chemistry or reactive sites that impart a desired property, or sites that can be
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further reacted to impart the property, for example, aromatic groups, hydroxyl, carboxyl, amine,
aromatic groups, primary, secondary, tertiary, or quaternary amine groups, carboxyl groups,
hydroxyl groups, sulfonic acid groups, cyano groups, alkyl chains, or any other suitable
chemistry. For example, a monomer with an aromatic group will provide a surface with sites for
conversion to an anionic surface (e.g., by sulfonation) for separations. Such aromatic groups
could also undergo alkylation or acylation. The monomer should not be reactive in a way that
would materially interfere with the living polymerization.
Living polymerization techniques that may be used in the present process include free
radical living polymerization, living cationic polymerization, ring opening metathesis
polymerization, group transfer polymerization, anionic living polymerization, living ZieglerNatta polymerization, and free radical living polymerization.

A7.3.1 Free Radical Living Polymerization
Free radical living polymerization involve catalytic chain transfer polymerization,
iniferter mediated polymerization, stable free radical mediated polymerization (SFRP), atom
transfer radical polymerization (ATRP), reversible addition-fragmentation chain transfer (RAFT)
polymerization, and iodine-transfer polymerization. Other examples include Stable free radical
mediated polymerization (SFRP) (also called nitroxide mediated polymerization (NMP)).

A7.3.2 Free Radical—Atom Transfer Radical Polymerization (ATRP)
Atom transfer radical polymerization (ATRP) involves the chain initiation of free radical
polymerization by a halogenated organic species in the presence of a metal halide species. The
metal has a number of different oxidation states that allows it to abstract a halide from the
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organohalide, creating a radical that then starts free radical polymerization. After initiation and
propagation, the radical on the chain active chain terminus is reversibly terminated (with the
halide) by reacting with the catalyst in its higher oxidation state. Thus, the redox process gives
rise to an equilibrium between dormant (Polymer-Halide) and active (Polymer-radical) chains.
The equilibrium is designed to heavily favor the dormant state, which effectively reduces the
radical concentration to sufficiently low levels to limit bimolecular coupling. ATRP is disclosed
in U.S. Pat. No. 5,763,548, issued to Matyjaszewski, et al on Jun. 9, 1998, which is hereby
incorporated by reference.
ATRP and other free radical methods are used to provide the diamond coating by first
creating a free radical active site on the diamond surface. For ATRP this is accomplished by
applying a halogen to the surface of the diamond. The metal abstracts the halide from the
diamond surface, creating a free radical reactive site that starts free radical polymerization with a
monomer.

A7.3.3 Free Radical—Reversible Addition Fragmentation Chain Transfer (RAFT)
Reversible Addition Fragmentation chain Transfer (RAFT) polymerization is a
degenerative chain transfer process and is free radical in nature. Most RAFT agents contain
thiocarbonyl-thio groups, and it is the reaction of polymeric and other radicals with the C═S that
leads to the formation of stabilized radical intermediates. In an ideal system, these stabilized
radical intermediates do not undergo termination reactions, but instead reintroduce a radical
capable of reinitiation or propagation with monomer, while they themselves reform their C═S
bond. The cycle of addition to the C═S bond, followed by fragmentation of a radical, continues
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until all monomer is consumed. Termination is limited in this system by the low concentration of
active radicals.

A7.3.4 Free Radical—Iodine-Transfer Polymerization
Iodine-transfer polymerization, typically uses a mono- or diiodo-perfluoroalkane as the
initial chain transfer agent. This fluoroalkane may be partially substituted with hydrogen or
chlorine. The energy of the iodine-perfluoroalkane bond is low and, in contrast to iodohydrocarbon bonds, its polarization small. Therefore, the iodine is easily abstracted in the
presence

of

free

radicals.

Upon

encountering

an

iodoperfluoroalkane,

a

growing

poly(fluoroolefin) chain will abstract the iodine and terminate, leaving the now-created
perfluoroalkyl radical to add further monomer. But the iodine-terminated poly(fluoroolefin) itself
acts as a chain transfer agent. As in RAFT processes, as long as the rate of initiation is kept low,
the net result is the formation of a monodisperse molecular weight distribution. (see “Living
Polymers by the use of Trithiocarbonates as Reversible Addition—Fragmentation Chain Transfer
(RAFT) Agents: ABA Triblock Copolymers by Radical Polymerization in Two Step” by Roshan
T. A. Mayadunne, et al., CSIRO Molecular Science, Bag 10, Clayton South, Victoria 3169
Australia. Macromolecules 2000, 33, 243-245.)

A7.3.5 Free Radical—Selenium-Centered Radical-Mediated Polymerization
Diphenyl diselenide and several benzylic selenides have been explored as photoiniferters
in polymerization of styrene and methyl methacrylate. Their mechanism of control over
polymerization is proposed to be similar to the dithiuram disulfide iniferters. However, their low
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transfer constants allow them to be used for block copolymer synthesis but give limited control
over the molecular weight distribution.

A7.3.6 Free Radical—Telluride-Mediated Polymerization (TERP)
Telluride-Mediated Polymerization or TERP appears to mainly operate under a reversible
chain transfer mechanism by homolytic substitution under thermal initiation. Alkyl tellurides of
the structure Z—X—R, were Z=methyl and R=a good free radical leaving group, give the better
control for a wide range of monomers, phenyl tellurides (Z=phenyl) giving poor control.
Polymerization of methyl methacrylates are only controlled by ditellurides. The importance of X
to chain transfer increases in the series O<S<Se<Te, makes alkyl tellurides effective in
mediating control under thermally initiated conditions and the alkyl selenides and sulfides
effective only under photoinitiated polymerization.

A7.3.7 Free Radical—Stibine-Mediated Polymerization
Stibine-mediated polymerization uses an organostibine transfer agent with the general
structure Z(Z′)—Sb—R (where Z=activating group and R=free radical leaving group). A wide
range of monomers (styrenics, (meth)acrylics and vinylics) can be controlled, giving narrow
molecular weight distributions and predictable molecular weights under thermally initiated
conditions. Bismuth alkyls can also control radical polymerizations via a similar mechanism.

A7.3.8 Ring Opening Metathesis Polymerization
Ring opening metathesis polymerization (ROMP) is a polymerization method in which
(generally strained) cyclic olefins (e.g. norbornene or cyclopentene) are polymerised with a
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metathesis catalyst. As used in the present system, a diamond surface is first provided with
olefin, cyclic olefin, or –C≡C sites, that by means of a metatheses catalyst can be opened and
attached to a cyclic olefin monomer.

A7.3.9 Group Transfer Polymerization (GTP)
Group transfer polymerization is disclosed in U.S. Pat. No. 4,940,760, which is hereby
incorporated by reference. Group Transfer Polymerization (GTP) is a process for preparing a
“living” polymer. The process involves contacting under polymerizing conditions in a
polymerization medium at least one acrylic or maleimide monomer with an initiator, which is a
tetracoordinate organosilicon, organotin or organogermanium compound having at least one
GTP initiating site, and a catalyst which is an anion or is a source of an anion, which is selected
from the group consisting of bifluoride, fluoride, cyanide, azide or a selected oxyanion, or a
selected Lewis acid or Lewis base. The initiator or the anion or Lewis acid catalyst is chemically
attached (grafted) to a solid support that is insoluble in the polymerization medium. GTP is
applied in the present process for coating diamonds by bonding on the surface of the diamond the
initiator or the anion or Lewis acid catalyst, which provides the initiating site, and treating with
acrylic or maleimide monomer.

A7.3.10 Anionic Living Polymerization
Anionic living polymerization is a vinyl polymerization and involves polymerization of
monomers containing double bonds. Anionic living polymerization begins with an initiator
which forms an ion. In the present process, the initiator can be attached to the diamond surface,
which can be an alkyl chain with a pendant lithium. The initiator is involved in an equilibrium
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where lithium ions and carbanions are formed. The carbanion pendant end then reacts with a
double bond in a monomer, which lengthens the chain and forms a new carbanion at the end of
the chain.

A7.3.11 Living Ziegler-Natta Polymerization
Ziegler-Natta polymerizations are described in “Living Ziegler-Natta Polymerization” by
Richard J. Keaton, cited above. Ziegler-Natta polymerization is a type of coordination
polymerization in which the catalytically active species in solution are believed to be metal alkyl
cations. Generation of these active centers stems from the reaction of a metal dialkyl with a
borane (B(C6F5)3), a borate ([Ph3C][B(C6F5)4]), or an alkyl aluminum, the most common of
which is methylaluminoxane. After partial or complete abstraction of one alkyl group, a cationic
metal center is formed with a coordinative site of unsaturation. The mechanism by which chain
growth occurs for Ziegler-Natta polymerizations is called the Cossee-Arlman mechanism.
Monomer coordination to the cationic metal causes insertion of the polymer chain to the πcoordinated olefin. This chain elongation goes through a metallocyclobutane transition state with
the olefin insertion occurring with cis addition across the double bond. The migratory insertion
step provides a new vacant site for a new molecule of monomer to bind, and this subsequently
inserts providing the original vacant site.

A7.3.12 Epoxide Ring Opening Reactions
Living anionic polymerizations or copolymerizations of various monomers, including
epoxide and cyclic ester monomers, can be accomplished by creating –O– sites on the diamond
surface. These sites can be introduced in different ways. The first is to take advantage of the
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–OH groups that are often formed at the surfaces of diamond materials when they are created,
removing the hydrogen ions from these hydroxyl moieties. The second is to introduce –OH
groups at the diamond surface, or on a group that has been grafted into the diamond surface. This
could be done by hydrogen (or deuterium) terminating a diamond surface, halogenating it, and
then allowing this surface to react with hydroxide ions (–OH). The hydrogen ions can be
removed from –OH groups at or near the diamond surface by reaction with a strong base such as
an alkyl lithium reagent, an alkyl Grignard reagent, sodium amide (NaNH2), sodium hydride,
potassium hydride, or sodium acetylide. The resulting deprotonated diamond surfaces could then
be rinsed with a dry solvent to remove unreacted base. A cyclic monomer could then be
introduced, which would react with the surface sites, see below:

In the case of an epoxide, the chemistry would be as follows:
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In the above reaction schemes, R1, R2, R3, and R4 could be different radicals, including
hydrogen. Of course, there will be a cation paired with the O− at the diamond surface. This
cation itself could be ligated to one or more ligands.
Note that the epoxide could be chiral, and give chirality to the coating it forms.
Below is an example of ring opening polymerization from an –O– group at a diamond surface
using a cyclic ester.
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Many heterocyclic compounds can be polymerized by ring opening under certain
conditions with ionic initiators, to produce linear macromolecules. Amongst these are cyclic
ethers, cyclic sulfides, cyclic acetals, cyclic esters (lactones), cyclic amides (lactams), and cyclic
amines. Ring opening polymerizations are carried out under similar conditions, and frequently
with similar initiators to those used for ionic polymerizations of unsaturated monomers.
The ring-opening polymerization of cyclic ethers having 3-, 4-, and 5-membered rings (e.g.,
epoxides, oxetanes, THF) yields polymeric ethers.
Epoxides such as epoxyethane (ethylene oxide) can be polymerized cationically (e.g.,
with Lewis acids) and anionically (e.g., with alcoholates or organometallic compounds).
Polymers of propylene oxide and generally substituted ethylene oxides can be produced in both
atactic amorphous and isotactic crystalline forms. Optically active poly(propylene oxide)s can be
obtained from chiral propylene oxide.
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Polymerization of four-membered cyclic ethers (oxetanes) is also brought about by
cationic initiators (e.g., Lewis acids) and by anionic initiators (e.g., organometallic compounds).
Like THF, cyclic acetals (e.g., 1,3-dioxolane and 1,3,5-trioxane) are polymerizable only with
cationic initiators.
Cyclic esters of omega-hydroxycarboxylic acids can be polymerized by ring-opening to
give linear aliphatic polyesters.
Some specific monomers that could be polymerized by ring opening methods from either
an anionic or a cationic initiator on diamond are L-lactide, D-lactide, meso-lactide, glycolide,
methylglycolide,
epichlorohydrin,

epsilon-caprolactone,
2-pyrrolidinone,

delta-valerolactone,

2-azetidinone,

gamma-butyrolactone,

delta-valerolactam

(2-piperidinone),

cyclohexene oxide, exo-2,3-epoxynorbornane, 7-oxabicyclo[4.1.0]heptan-2-one, 4-vinyl-1cyclohexene

1,2-epoxide,

6-acetoxy-3-oxatriclyclo-(3,2,1,0

oxabicyclo[4.1.0]hept-3-yl)ethyl]silane,

2,4)-octane,

(R)-(+)-1,2-epoxybutane,

trimethoxy[2-(7-

(S)-(−)-1,2-epoxybutane,

cyclopentene oxide, 1,2-epoxypentane, 1,2-epoxy-5-hexene, (R)-(+)-1,2-epoxyhexane, (S)-4chloro-1,2-epoxybutane, 1,2-epoxyoctane, 1,2-epoxydodecane, 1,2-epoxyoctadecane, 1,2epoxyeicosane, (S)-(−)-1,2-epoxyoctane.
Note that carbon dioxide can be incorporated into some of these living polymers.
Note that a diepoxide or a triepoxide could be used as a crosslinking agent, e.g.,
vinylcyclohexene dioxide, dicyclopentadiene dioxide (mixture of endo and exo isomers), 1,3butadiene diepoxide.
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A7.3.13 Introducing –OH Groups onto the Diamond Surface
A method for introducing –OH groups to a diamond surface is by treatment with LiAlH4.
Diamond treated with LiAlH4 has an increased density of hydroxyl groups. These hydroxyl
groups can then be reacted with monomer to form living polymers on the diamond surface. Due
to the higher density of hydroxyl groups, the polymer growth will also be denser. The evidence
of this actually working is seen by reference to Figures A7.1 – A7.3.

Figure A7.1. SIMS spectrum of Piranha cleaned diamond in negative ion mode.
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Figure A7.2 SIMS spectrum of LAH treated diamond in negative ion mode.
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Figure A7.3 DRIFT spectrum of Piranha cleaned diamond.
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With reference to Figure A7.4, the reaction is as follows. The piranha solution (H2SO4 and H2O2)
treated diamond is placed in a vessel, which is subsequently flushed with an inert atmosphere.
LiAlH4 (1M LiAlH4 in tetrahydrofuran (THF)) is then added to the diamond through a septum
via syringe. The reaction is then allowed to occur for 24 – 68 h, with occasional swirling. The
result is a increased number of hydroxyl groups on the surface.

Figure A7.4 Shows scheme for LiAlH4 treatment of diamond to increase number of hydroxyl
groups on the surface of the diamond. Piranha cleaned diamond is allowed to react with 1M
LiAlH4 in THF for 24 – 68 h. at room temperature.
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The peaks seen at 3500 cm−1 in the DRIFT spectra in Figures A7.5 – A7.7 are indicative of an
increased amount of –OH groups on the surface. The SIMS spectra in Figure A7.2 also shows an
increased amount of hydrogen on the surface, which would be consistent with more –OH groups
on the diamond surface.

Figure A7.5 DRIFT spectrum of diamond reacted with LAH for 24 h. Diamond size 1.7 μm.

218

Figure A7.6 DRIFT spectrum of diamond reacted with LAH for 36 h. Diamond size 1.7 μm.
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Figure A7.7 DRIFT spectrum of diamond reacted with LAH for 68 h. Diamond size 5 μm.
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A7.3.14 Example I - Direct Polymer Attachment and Growth on Deuterium/HydrogenTerminated Diamond Substrates with Atom Transfer Radical Polymerization and Solid Phase
Extraction on the Resulting Sorbents
Atom transfer radical polymerization (ATRP) is applied to grow polymers on diamond
surfaces. Before ATRP, the ATRP initiator should be introduced. There are two ways to
immobilize the ATRP initiators. One method is putting the hydrogen- or deuterium-terminated
diamond in bromine under light. The other method is reacting piranha cleaned diamond with 2bromoisobutyryl bromide. Polystyrene (PS) or crosslinked polystyrene can be grown on the
diamond powders by ATRP. These phases have excellent stability in both highly acidic and
highly basic media. Thicker polymer layers are obtained when a crosslinking agent, such as
divinylbenzene is employed as part of the monomer mixture. Sulfonation of these phenyl phases
is demonstrated with a H2SO4/CH3COOH mixture. Solid phase extraction is performed on the
resulting strong cation exchange material using 1-aminonaphthalene.

A7.3.14.1 Experimental Section
A7.3.14.1.1 Reagents
All chemicals were used as received, except that all monomers were passed through an
inhibitor removing column prior to use, as follows: tetrahydrofuran (Aldrich, spectra grade);
styrene (Spectrum, 99%, inhibited with 50 ppm p-tert-butylcatechol); divinylbenzene (DVB)
(Aldrich, 80%, remainder mostly 3- and 4-ethyl vinyl benzene, inhibited with 1000 ppm p-tertbutylcatechol).
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All monomers were passed through an inhibitor-removing column to remove
polymerization inhibitors prior to use. The adsorbants for removing MEHQ and tertbutylcatechol were obtained from Aldrich.
The mixture gases including 5% deuterium/hydrogen in argon (99.999% pure) were
purchased from Airgas Inc. Commercial diamond powder was provided by US Synthetic. The
average diameter is 70 μm.

A7.3.14.1.2 Preparation of Deuterium/Hydrogen-Terminated Diamond Powder.
Diamond powder was used as substrate. The diamond powder was treated in flowing 5%
D2 or H2 (in Ar) gas at 900 °C. for 28 hours. 5% deuterium or hydrogen (in Ar) is not a
flammable mixture, and therefore much safer to work with than pure D2 or H2 gas. The MiniMite Tube Furnace of Lindberg/Blue M (model number is TF55030A-1) was purchased from the
Thermo Electron Corporation. During the reaction, the diamond powder was shaken twice to
evenly deuterate the surface and it was then cooled in flowing 5% D2 or H2 (in Ar). After this
treatment, the diamond powder was terminated with deuterium or hydrogen. The resulting
deuterium/hydrogen-terminated diamond powder was used as a starting material.
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A7.3.14.1.3 Introduction Initiators by Two Methods
There are two ways to immobilize the ATRP initiators. One method is putting the
hydrogen- or deuterium-terminated diamond in bromine under light to introduce the initiator.
The light wavelength range could be 250-600 nm.
The other way, the diamond powder was cleaned in piranha solution (70% H2SO4:30 %
conc. H2O2) at 100 °C. for 1 h, and then thoroughly washed with deionized water. Clean,
untreated diamond powder was slurried in a dry THF solution containing 0.5 M 2bromoisobutyryl bromide and 0.55 M pyridine. After 24 h, diamond powder was washed
thoroughly with methanol and deionized water.

A7.3.14.1.4 Polymerization on the Diamond Powder
Diamond particles containing initiator (3 g) and CuBr (0.26 g) were placed in a flask and
degassed with nitrogen. Subsequently, degassed 2,2′-bipyridine (bipy) (0.58 g) in 10.0 g styrene
(or 4 g styrene and 6 g divinylbenzene) and 10 mL 1,4-dioxane was mixed with it. The mixture
was stirred with a magnetic stir bar, heated to 110 °C. under nitrogen, and the reaction continued
for 19 h. The particles were washed and sonicated with THF and methanol/glacial acetic acid
(95/5) until the solvent was colorless.
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A7.3.14.1.5 Sulfonation of Polystyrene Functionalized Diamond Powder
The method of PS-DVB resin sulfonation described by Dumont and Fritz was followed. 2
g polystyrene or polystyrene-divinylbenzene (PS-DVB) functionalized diamond powder was
slurried in 5 mL acetic acid followed by 50 mL concentrated sulfuric acid in an ice bath. Then
the reaction was set at 90° C. for 5 hours and finally poured over ice to quench the reaction. The
diamond powder was filtered and washed with water until the pH of water was neutral.

A7.3.14.1.6 Stability Studies
Approximately 1.0 M NaOH and 1.0 M HCl solutions were prepared for pH stability
studies. 0.2 g of each adsorbent was immersed separately in either the NaOH or HCl solution for
72 h. Finally, the particles were captured on a filter funnel as before (vide supra) and rinsed with
copious quantities of Millipore water.

A7.3.14.1.7 Characterization of the Diamond Surfaces
Time-of-flight secondary ion mass spectrometry (ToF-SIMS) was performed with an
ION-TOF ToF-SIMS IV instrument using monoisotopic 25 keV 69+ ions. X-ray photoelectron
spectroscopy was performed with an SSX-100 x-ray photoelectron spectrometer with a
monochromatic Al Kα source and a hemispherical analyzer. An electron flood gun was
employed for charge compensation. Survey scans as well as narrow scans were recorded with an
800 × 800 μm spot. The diamond surface was characterized by a Magna-IR 560 spectrometer
from Nicolet (Madison, Wis.). The DRIFT spectra were obtained over the range of 4000-400
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cm−1. For each spectrum, 64 scans were collected at a resolution of 4 cm−1. The diffuse
reflectance was converted into Kubelka-Munk function units.

A7.3.14.1.8 Solid Phase Extraction (SPE)
SPE of 1-naphthylamine was performed with packings prepared in our laboratory. For
our experiments, the material in a commercially available cartridge was replaced by our
sulfonated stationary phase. A control experiment was performed that showed that neither the
plastic cartridge nor the frits retained analytes. The same volume of packing material was used in
all of our experiments. To improve packing, the cartridges were washed with water and pumped
on with the house vacuum during loading. Finally, the columns were dried using the house
vacuum.
Prior to SPE, cartridges containing our sulfonated polystyrene diamond phase were first
conditioned with 6 column volumes of methanol, and then with six column volumes of
phosphate buffer (10 mM, pH=1.9). 50 μL of 1-naphthylamine (1 mg/mL) in phosphate buffer
(10 mM, pH=1.9) was loaded into the column. This analyte was used to test sulfonation of
polystyrene coated diamond. In this procedure, the analyte is not eluted with phosphate buffer
(10 mM, pH=1.9), but eluted with phosphate buffer (10 mM, pH=1.9, NaCl, ionic strength 0.2
M) and methanol (The ratio is 1:1).
In practice, sulfonated polystyrene modified diamond SPE adsorbents could be
repeatedly used without noticeable degradation. After each reuse, the column was washed with
phosphate buffer (10 mM, pH=1.9, NaCl, ionic strength 0.2 M) several times to regenerate the
cation exchange column.
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A7.3.14.1.9 Breakthrough Curves
The analyte used for determination of breakthrough volumes was 1-naphthylamine. The
column was first conditioned using the procedures mentioned above. After conditioning, the
analyte solution (0.02 mg/mL) was loaded onto the cartridge. The column was kept wet, and the
flow rate was kept constant during the process. Equal volumes of the fractions eluting from the
column were collected in separate vials. Finally, ESI-MS was done to analyze these fractions.
Breakthrough curves had sigmoidal shapes. The breakthrough volume was calculated
from the point on the curve corresponding to 5% of the average value at the maximum (plateau
region).

A7.3.14.1.10 Electrospray MS (ESI-MS)
Electrospray MS (ESI-MS) was performed on an Agilent Technologies LC/MSD TOF
system by direct infusion of several μLs of sample along with the mobile phase: 75 % MeOH
and 25 % water with 5 mM ammonium formate. In positive ion mode, the charging voltage and
the capillary voltage were set at 900 V and 3500 V, respectively, and the skimmer was operated
at 60 V. The nebulizer was at 35 psi and the gas temperature was 350° C. The flow rate of the
nitrogen drying gas was set at 12 L/min. All of the instrument parameters in negative ion mode
were identical to those in positive ion mode, except the capillary voltage and drying gas flow
rate, which were set at 4000 V and 8 L/min, respectively.
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A7.3.14.1.11 Stability Test
Sulfonated polystyrene coated diamond was immersed in 1M NaOH and 1M HCl
solution for 72 hours respectively to test the stability in strong base or strong acid. XPS, TOFSIMS and IR were used to characterize these diamond powders.

A7.3.14.2 Results and Discussion
A7.3.14.2.1 Polymerization and Sulfonation on the Diamond Powder by ATRP
Before atom transfer radical polymerization, an ATRP initiator should be introduced.
Two methods can be used. One is by photoreaction, the other one is addition of 2bromoisobutyryl bromide, performed according to the procedure of Carl mark and Malmstrom.
Then these brominated diamond powder react with styrene or styrene/DVB, Cu(I) Br and
bipyridine at 110 °C. Finally polystyrene or polystyrene-divinylbenzene functionalized diamond
powders are sulfonated. The whole procedure (Scheme 1) is shown below.

227

An obvious bromine signal is present in the x-ray photoelectron spectroscopy (XPS)
survey spectrum of brominated diamond powder from deuterium-terminated diamond powder
(see Figure A7.8a) and brominated diamond powder from piranha cleaned diamond powder (see
Figure A7.8b). The diamond powder brominated with 2-bromoisobutyryl bromide showed a
significant oxygen peak, compared with the diamond powder with photoreaction. The increased
oxygen signal is consistent with the carbonyl group of 2-bromoisobutyryl bromide. The
brominated diamond powder is then treated with styrene or styrene/DVB, Cu(I) Br and
bipyridine at 110 °C. XPS shows a significant reduction in the oxygen signal (see Figure A7.8c)
and the C/O ratio is increased. These results show that polystyrene has grown on the diamond
surface since more carbon signal is introduced. Table A7.1 shows the compositions of all
diamond surfaces.
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Table A7.1 Compositions of the surfaces of diamond powders.
C
O
Br
S
D-Br
90.2 8.8 1.0
Isobromide
77.1 22.5 0.4
PS
88.0 12.0
PS-sulfonation
82.5 15.7
1.8
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Figure A7.8 x-ray photoelectron spectroscopy (XPS) for diamond powders: a) hydrogenterminated diamond reacted with bromine under light, b) piranha treated diamond reacted with
isobromide, c) brominated diamond functionalized with polystyrene by ATRP and d) sulfonated
polystyrene diamond powder.
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In time of flight-secondary ion mass spectrometry (ToF-SIMS), after polymerization,
there are numerous hydrocarbon peaks and the characteristic peaks are mostly the same as those
peaks of standard polystyrene. The relative intensities of characteristic peaks matched the
standard well. This is especially, true for the higher masses region for the main characteristic
peaks such as 103, 105, 115, 117 and 128. This result shows that the brominated diamond is
functionalized by polystyrene. In contrast, before polymerization, characteristic peaks such as
103, 105, 115, 117 and 128 do not match with standard polystyrene positive ToF-SIMS spectra.
Regardless of how the surface was brominated, the infrared spectrum of the diamond
after ATRP showed the C—H stretching peaks of aromatic rings (3000 – 3200 cm−1) and alkyl
chains (2800 – 3000 cm−1) (see Figures A7.9 d, e and f). In addition, the standard IR spectrum of
polystyrene (see Figure A7.2 a) is compared with the spectrum of the diamond powder
functionalized by polystyrene.
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Figure A7.9 DRIFT-IR for diamond powders: a) infrared spectrum of neat polystyrene, b)
hydrogen-terminated diamond, c) piranha-treated diamond, d) polystyrene functionalized
diamond obtained by photoreaction and ATRP, e) polystyrene functionalized diamond obtained
by reaction with 2-bromoisobutyryl bromide and ATRP, f) polystyrene-DVB functionalized
diamond obtained by 2-bromoisobutyryl bromide and ATRP and g) polystyrene functionalized
diamond obtained by di-tert-amyl peroxide and styrene.
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Most of the other peaks matched very well, such as the monobenzene peak at 700 cm−1
and the other characteristic peaks at 1450 cm−1, 1500 cm−1 and 1600 cm−1 (see Figures A7.11 a,
d, e and f), which are assigned as combined ring vibrations. Two controls were also performed.
They are deuterium-terminated diamond powder and piranha solution cleaned diamond powder
which did not have not the ATRP initiators. There were allowed to react with styrene, Cu(I) Br
and bipyridine at 110 °C. Figure A7.9 b and c showed no C–H stretching peaks of aromatic rings
(3000 – 3200 cm−1). In addition, the other characteristic peaks of polystyrene at 1450 cm−1, 1500
cm−1 and 1600 cm−1 were not present.
This evidence suggests that our functionalization is successful. During this reaction,
styrene (or adding crosslinker DVB) can be polymerized on the diamond surfaces.
Polystyrene (PS) or polystyrene-divinylbenzene (PS-DVB) functionalized diamond
powder was slurried in 5 mL acetic acid followed by 50 mL concentrated sulfuric acid in an ice
bath. Then the reaction temperature was raised to 90 °C. for 5 hours and finally the PS or PSDVB was sulfonated. XPS shows an obvious sulfur signal (see Figure A7.8 d), which was not
present before the sulfonation. The composition of this diamond surface is shown in Table A7.1.
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Chemical stability tests were performed by immersing sulfonated polystyrene coated
diamond particles into 1.0 M HCl or 1.0 M NaOH for 70 h. Following this treatment,
approximately one-tenth and one-third of the sulfur was removed from the surface; after
exposures to acid and base, respectively. These results were compared to the stability of a
commercially available SPE stationary phase (Phenomenex Strata SCX, 55 μM, 70 Å). Prior to
stability tests, the S2p-to-C1s ratio by XPS was 0.16 ± 0.03. After immersion of these particles in
1.0 M NaOH for 8 h, the particles completely dissolved. To further verify the dissolution of these
particles, the resulting clear solution was filtered. It easily passed through the filter, leaving no
material behind. The Phenomenex particles were also immersed in 1 M HCl for 70 h. A small
decrease in the S2p/C1s ratio was observed (down to 0.15 ± 0.02), which suggests that 6% of the
sulfur-containing coating on the particles had been lost. Thus, the deposited PS-sulfonated
coatings on diamond have almost the same stability in acid as a commercially available SCX
SPE packing material, while being much more stable to base.

A7.3.14.2.2 Strong Cation Exchange SPE Procedure and Breakthrough Curve
These sulfonated PS diamond powders were packed into a strong cation exchange SPE
column. The column was conditioned with 6 column volumes of methanol followed by 6 column
volumes phosphate buffer (H3PO4 and NaH2PO4, pH=1.9). The analyte used to test the SPE
columns was 1-naphthylamine. 1-naphthylamine (molecular weight: 143.1) was loaded into the
column by depositing a 50 μL sample of 1-naphthylamine dissolved in buffer (pH=1.9) (1
mg/mL). Then 3 column volumes of the same buffer were used for washing the column and the
analyte did not elute (see Figure A7.10) because it was retained by the column. Finally, the
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analyte was eluted by the same buffer but mixed with sodium chloride (pH=1.9, ionic strength is
0.2 M) and methanol (The ratio is 1:1) (see Figure A7.11). All the fractions from the SPE
column were analyzed by electrospray ionization mass spectroscopy. (Note: Peak 121.0 is a
reference peak. Peak 164.1 might be from the matrix. Peak 144.1 is the [M+H]+ of the analyte.)

Figure A7.10 shows electrospray ionization mass spectra of three fractions by washing the
column with buffer (pH=1.9).
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Figure A7.11. Electrospray ionization mass spectra of three fractions by eluting the column with
buffer (pH=1.9, NaCl, ionic strength 0.2M) and methanol (The ratio is 1:1).
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Breakthrough curves were obtained for the SPE column using 1-naphthylamine as an analyte for
determination of breakthrough volumes of the cation exchange SPE column. The columns were
conditioned with 6 column volumes of methanol followed by 6 column volumes phosphate
buffer (H3PO4 and NaH2PO4, pH=1.9). The solution of 1-naphthylamine dissolved in buffer
(pH=1.9) (0.02 mg/mL) was allowed to flow through the column at a constant flow rate while the
breakthrough curves were being obtained. Equal volumes of the fractions eluting from the
column were collected in separate vials. The samples were then analyzed using electrospray
ionization mass spectrometry to obtain the breakthrough curves based on the presence of 1naphthylamine in the collected fractions. The breakthrough curve is shown in Figure A7.12. The
breakthrough volume was taken from the point on the breakthrough curve corresponding to 5%
of the average value at the maximum (i.e., the breakthrough curve plateau region). From these
breakthrough curves, a column capacity for cation exchange SPE column was found to be 0.087
mg. Figure A7.13 is the dynamic range of the solution of 1-naphythamine in ESI-MS. This linear
relationship demonstrates the breakthrough curve is under this range and the plateau region of
the breakthrough curve is the saturation of the SCX SPE column, not the saturation of the ESIMS detector.
References to other publications and patents have been made in this disclosure, all of
which are incorporated herein by reference.
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Figure A7.12 Breakthrough curve of SCX SPE column. Each point represents the peak area of
the analyte from the positive ESI-MS spectra.
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Figure A7.13. Dynamic range of the phosphate buffer (pH=1.9) solution of 1-naphythamine in
ESI-MS.
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A7.4 Claims
1. A method for coating a diamond surface comprising: providing surface initiation sites
on the diamond surface for initiation of a living polymerization on the site; reacting the surface
initiation sites with a monomer having a site that reacts with and bonds to an initiation site to
form an chemically attached chain with a new initiation site on the chain for further reaction with
a monomer, the surface initiation site being carbon-carbon double bond, and the reacting the
surface initiation site comprising ring opening metathesis polymerization.

2. A method for coating a diamond surface comprising: providing surface initiation sites
on the diamond surface for initiation of a living polymerization on the site; reacting the surface
initiation sites with a monomer having a site that reacts with and bonds to an initiation site to
form an chemically attached chain with a new initiation site on the chain for further reaction with
a monomer, the surface initiation site being –O– and the reacting the surface initiation site
comprising epoxide ring opening reactions.

3. A method for coating a diamond surface comprising: providing surface initiation sites
on the diamond surface for initiation of a living polymerization on the site; reacting the surface
initiation sites with a monomer having a site that reacts with and bonds to an initiation site to
form an chemically attached chain with a new initiation site on the chain for further reaction with
a monomer, the diamond surface first treated with LiAlH4 to increase the number of –OH sites
and the surface initiation sites include the added –OH sites, where H is hydrogen or deuterium.
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4. A method for producing a diamond with a coated surface comprising; reacting –OH
groups in the surface with 2-bromoisobutyryl bromide to produce bromide surface initiation sites
on the surface; reacting the surface initiation sites with a monomer reactive with the surface
initiation sites under an atom transfer radical polymerization reaction system.

5. A method as in claim 4 wherein the coated surface comprises polystyrene.

6. A method for producing a diamond with a coated surface comprising; reacting the
diamond surface to form –H groups on the surface, where H is hydrogen or deuterium, reacting
the –H groups with Br2 to produce bromide surface initiation sites on the surface, reacting the
surface initiation sites with a monomer reactive with the surface initiation sites under an atom
transfer radical polymerization reaction system.

7. A method for producing a diamond with a coated surface comprising; deprotonating
–OH groups on the diamond surface to form –O– initiation sites on the surface, reacting the
surface initiation sites with a monomer having a site that reacts with and bonds to the initiation
site to form an chemically attached chain with a new initiation site on the chain for further
reaction with a monomer.

8. The method of claim 7 wherein the monomer is an epoxide.

9. A method as in claim 6 wherein the monomer contains a group or groups that impart
activity to the coating.
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10. A method as in claim 9 wherein the monomer contains one or more of aromatic
groups, hydroxyl, carboxyl, amine, primary, secondary, tertiary, or quaternary amine groups,
carboxyl groups, hydroxyl groups, sulfonic acid groups, cyano groups, alkyl chains.

11. An article comprising a coating upon a diamond surface, the coating the reaction
product of a living polymerization reaction with surface initiation sites on the diamond surface
where the living polymerization reaction comprises reacting the surface initiation sites with a
monomer having a site the reacts with and bonds to an initiation site to form an chemically
attached chain with a new initiation site on the chain for further reaction with a monomer, the
surface initiation site being carbon-carbon double bond, and the reacting the surface initiation
sites comprising ring opening metathesis polymerization.

12. An article as in claim 11 wherein the coating imparts to the diamond surface an
activity derived from group or groups contained in the monomer.

13. An article as in claim 12 the monomer contains one or more of aromatic groups,
hydroxyl, carboxyl, amine, primary, secondary, tertiary, or quaternary amine groups, carboxyl
groups, hydroxyl groups, sulfonic acid groups, cyano groups, alkyl chains.

14. An article comprising a coating upon a diamond surface, the coating the reaction
product of a living polymerization reaction with surface initiation sites on the diamond surface
where the living polymerization reaction comprises; reacting the surface initiation sites with a
monomer having a site the reacts with and bonds to an initiation site to form an chemically
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attached chain with a new initiation site on the chain for further reaction with a monomer, the
surface initiation site being –O– and the reacting the surface initiation site comprising epoxide
ring opening reactions.

15. An article comprising a coating upon a diamond surface, the coating the reaction
product of a living polymerization reaction with surface initiation sites on the diamond surface
where the living polymerization reaction comprises; reacting the surface initiation sites with a
monomer having a site the reacts with and bonds to an initiation site to form an chemically
attached chain with a new initiation site on the chain for further reaction with a monomer, the
diamond surface first treated with LiAlH4 to increase the number of –OH sites and the surface
initiation sites include the added –OH sites, where H is hydrogen or deuterium.

16. An article comprising a coating upon a diamond surface, the coating the reaction
product of deprotonating –OH groups on the diamond surface to form –O– initiation sites on the
surface, and reacting the surface initiation sites with a monomer having a site that reacts with and
bonds to the initiation site to form a chemically attached chain with a new initiation site on the
chain for further reaction with a monomer.

17. An article as in claim 16 wherein the monomer is an epoxide.

18. An article as in claim 16 wherein the reacting the surface initiation sites includes
epoxide ring opening reactions.
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19. An article as in claim 16 wherein the coating imparts to the diamond surface an
activity derived from group or groups contained in the monomer.

20. An article as in claim 16 the monomer contains one or more of aromatic groups,
hydroxyl, carboxyl, amine, primary, secondary, tertiary, or quaternary amine groups, carboxyl
groups, hydroxyl groups, sulfonic acid groups, cyano groups, alkyl chains.
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Appendix 8: Modified Diamond Particle Surfaces and Method*

A8.1 Overview
A8.1.1 Abstract
A method for preparing modified diamond particles for use in chromatography where
hydroxyl groups at the diamond surfaces are reacted with a reactive molecule to introduce a
desired functional group at the diamond surface.

A8.1.2 Statement of Attribution
My major contributions to this work are in sections A8.2 – A8.4. These sections contain
a study performed on microdiamond where the oxidized surface was reduced using LiAlH4.
Octadecylisocyanate was then reacted with the reduced/hydroxylated surface to form a
hydrophobic surface. Each step of surface functionalization is verified using DRIFTS, ToFSIMS and XPS.

*This appendix has been published as a United States Patent, US 8,202,430 B2. Issued June 19,
2012.
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A8.2 Background
Since the inception of modern chromatography, silica based stationary phases have
dominated the world of chemical separations. Unfortunately, silica has certain limitations. Under
acidic conditions, silica tends to lose its functionality and under basic conditions it dissolves
entirely after a matter of hours. Not until recently have alternatives to silica been available such
as polymer based stationary phases. These tend to swell when exposed to organic solvents and
are therefore not ideal for reversed-phase separations.
Chemists have worked around the limitations of available stationary phases, but these
workarounds often result in less than ideal outcomes. For instance, certain separations may need
to occur under basic or acidic conditions because the analyte of interest may only be stable under
a certain pH range. It is would therefore be ideal to find a phase that could perform a separation
under extreme pHs that current phases cannot successfully do separations at.
Diamond has usually been assumed to be inert and relatively little has been done to
investigate the possibility of diamond as the basis for a stationary phase. Nosterenko et al. has
performed separations of proteins using oxidized/cleaned diamond and Saini et al. has been
successful in coating the diamond surface with poly(allylamine). This coated diamond was then
used as a normal phase in Solid-phase Extraction (SPE). Saini's study also showed that his phase
was extremely stable under extreme pH conditions (from pH 0-pH 14) for 24 h. The SPE column
was able to be reused many times and showed no signs of degradation. It also performed in the
same manner experiment after experiment and only required a flush with ethyl acetate in
between uses.

247

These two groups have shown that separations can indeed be performed with diamond as
the basis for a stationary phase. Nesterenko's study lacked good resolution in it HPLC spectra
and Saini's capacity was quite low, but efforts are being made to remedy the capacity issue.

A8.3 Summary
A new phase is directly bonded to the diamond surface which has been largely hydroxyl
terminated. In a specific example, diamond cleaned with piranha solution is treated with lithium
aluminum hydride (LAH). This reaction greatly increases the amount of hydroxyl groups on
the diamond surface. Since hydroxyl groups are reactive to various functional groups, this
chemistry is exploited to attach ligands directly to the diamond surface. For example, isocyanates
and acyl halides (primarily Br and Cl) are reactive to the hydroxyl functional group and form
urethane and ester linkages respectively, that are directly bonded to the diamond surface.
(see Figure A8.1)

Figure A8.1 Scheme outlining basic chemistry for the formation of the isocyanate and acyl
halide reacted diamond particles.
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Bases do have the ability to hydrolyze this linkage at the carbonyl site, so bulky groups
(methyl, isopropyl, tert-butyl, phenyl etc.) can be attached to the α-carbon of the ligand to
sterically hinder the binding site and prevent bases from accessing the partially negative carbon.
This should give this type of linkage greater stability in the presence of acids and bases. The
reusability and consistency of the column is also expected to be similar to that of Saini's column
and this chemistry can be applied to HPLC and SPE stationary phases.
An aspect

is a method for preparing modified diamond particles for use in

chromatography where hydroxyl groups at the diamond surfaces are reacted with a reactive
molecule to introduce a desired functional group at the diamond surface. An example is the
reaction of isocyanates and acyl halides with hydroxyl-terminated diamond to form HPLC/SPE
stationary phases.
Another aspect is a method for preparing modified diamond particles for use in
chromatography where i) diamond particles are reacted with an oxidizing agent that introduces
carboxyl groups at the surface of the diamond, ii) the carboxyl groups are reduced to primary
alcohols, and iii) the primary alcohols are reacted with a reactive molecule to introduce a desired
functional group at the diamond surface.
The diamond particles of the present method can be used in any suitable type of
chromatography type. These include, for example, high performance liquid chromatography
(HPLC), ultra performance liquid chromatography (HPLC), solid phase extraction,
electrochromatography,

size-exclusion

chromatography,

ion

chromatography,

affinity

chromatography.
The chromatography may be practiced at any suitable pressure, such as for example,
between 1000 psi and 15000 psi.
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The diamond surface may be prepared by reducing the surface with a suitable reducing
agent prior to reaction with the reactive molecule. Any suitable reducing agent is contemplated,
such as, for example, lithium aluminum hydride.
The reactive function group may be any suitable functional group with the desired
reactivity, and may have attached to the reactive group an alkyl group or aryl group. The alkyl
group may have the form –(CH2)nCH3, where n = 0 – 25. The alkyl group may be branched or
unbranched. The alkyl group may be partially or fully fluorinated, the aryl group may have the
form –C6H6. The aryl group may be partially or fully fluorinated.
Examples of the reactive functional groups include, one of or a mixture of an alkyl
isocyanate, an aryl isocyanate, an acid chloride with an aromatic group, an acid chloride with an
alkyl group, an acid bromide, an alkyl halide, an aryl halide, a benzyl halide, a benzyl triflate, a
benzyl mesylate, an alkyl mesylate, an alkyl tosylate, and an alkyl triflate.
The reactive functional group may contain more than one other group near the reactive
site of the molecule, which provides steric hindrance for the adsorbed species.
The reactive molecule may contain C–H bonds. The reactive molecule may contain an
electrophilic site and a leaving group.
Another aspect is a diamond particle for use in chromatography containing groups
tethered to the diamond surface through ether, ester, or urethane linkages.

A8.4 Detailed Description
A8.4.1 Example Experimental
Micro-diamond or diamond powder is treated with piranha solution (3:7 30% H2O2:conc.
H2O2:conc. H2SO4) or any other suitable cleaning/etching solution. This cleans/etches
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the diamond surface and exposes the various functional groups that naturally occur on
the diamond surface. The diamond must be dried thoroughly before the next step. This can be
performed by pulling argon through the powder or placing the powder in a vacuum for many
hours. The dryness can be verified by diffuse reflectance infrared Fourier transform (DRIFT).
The cleaned dry diamond is then treated with 1M LiAlH4 (LAH) suspended in THF (or
any other strongly reducing base)1 for 24 – 68 h at room temperature (about 1 g diamond:5 mL
LAH solution). Warning: LAH is extremely reactive to water. Use proper PPE. The reaction
must be performed under inert atmosphere (argon) and all glassware must be dry. The reaction is
quenched by 1M HCl. This should be added very slowly due to the reactivity of LAH with water
and HCl. Once the reaction is quenched, the diamond is filtered over a fine fritted Buchner
funnel and washed with copious amounts of water. If white particles are present, rinse with more
1 M HCl to dissolved the reacted LAH. Once thoroughly rinsed, the powder is dried completely.
This gives hydroxyl terminated diamond.
The reduced surface has been disclosed US patent,2 the reaction of the hydroxylated
surface with various functional groups is not disclosed. The present method is an improvement
over the disclosed diamond-based chromatographic processes.
Another US patent2 discloses powders “attached with hydrocarbon, amino, carboxylic
acid, or sulfonic acid groups.” The present method is specifically targeting the reaction of the
hydroxylated surface with a reactive molecule to introduce a desired functional group at
the diamond surface, such as, for example, reactive isocyanates and acyl halides, and this
chemistry and these functional groups are not disclosed.
In a specific example, for this final step the hydroxyl terminated diamond is then placed
in a reaction vessel which is subsequently flushed with inert atmosphere. Then a reactive
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molecule is added to the powder. For example, a desired isocyanate or acyl halide is added to the
powder (about 0.5 mL:1 g hydroxyl terminated diamond) then add enough dry tetrahydrofuran
(THF) or ether to completely dissolve the isocyanate or acyl halide. The reaction should then
react for at least 18 h at room temperature. Filter the diamond over a fine fritted Buchner funnel
and wash with a large amount of THF or ether to rinse away the unreacted isocyanate or acyl
halide. Dry the powder completely. The powder is then suspended in a solvent and pressed into
an HPLC column.

A8.4.2 Results and Discussion
Thus

far,

only octadecyl

isocyanate

has

been reacted

with the

hydroxyl

terminated diamond. The evidence of the successive reactions can be seen in Figure A8.2 by the
DRIFT, ToF-SIMS and XPS spectra. There is a decrease in the height of the alcohol peak (~3500
cm−1) seen in the octadecyl isocyanate DRIFT spectrum as compared to the LAH spectrum. It is
clear that not all of the alcohol functional groups are reacted and this is attributed to the steric
hindrance of the diamond surface. The 2° amine peak at 3342.43 cm−1, asymmetric and
symmetric C–H stretches at 2920.95 cm−1 and 2848.21 cm−1 and the carbonyl stretches at
1612.33 cm−1 and 1572.64 cm−1 are indicative of successful bonding of octadecyl isocyanate to
the hydroxyl terminated surface as evidenced by the urethane (carbamate) linkage.
The ToF-SIMS data shows an increase of hydrocarbon fragments in the positive ion
spectra and a decrease of O (16 m/z) and OH (17 m/z) fragments in the negative ion spectra. This
result is predicted because fewer O and OH groups would be exposed on the diamond surface
once the isocyanate group has reacted with the OH functional group. The XPS spectrum shows
the presence of nitrogen which is absent from the piranha and LAH treated diamond powders.
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The only source of nitrogen in this experiment is from the isocyanate group. This therefore
further confirms the formation of the carbamate linkage on the diamond surface.
In another embodiment, an HPLC column is packed with 5 μm octadecyl isocyanate
reacted diamond powder. If non-porousdiamond is used, few plates are expected to be present on
the column. This should be remedied by using porous diamondpowder.
The chemistry of the present method is expected to work with various isocyanates and
acyl halides, including compounds with the disubstituted α-carbons (see Figure A8.3 for some
examples). The acyl halide derivatives of these compounds would also be used including the tertbutyl group not shown in the figure. Other functional groups past the functionalized α-carbon
could include but are not limited to phenyl, naphthyl, chiral, perfluorinated, C8, and C10.

253

254

255

256

Figure A8.2 Spectra confirming the step by step synthesis of a carbamate linked C18 chain to
the diamond surface.
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Figure A8.3 Possible examples of the types of groups attached at the α-carbon site to increase
sterics of the area in order to prevent nucleophilic attack of a base at the carbonyl resulting in
hydrolysis of the ether or urethane linkage.
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A8.4.3 Conclusion
The chemistry for creating urethane (carbamide) linkages to the diamond surface is
straight forward and should prove useful in the creation of diamond-based HPLC and SPE
stationary phases. The attachment of octadecyl isocyanate to the diamondsurface has been
verified and other isocyanates/acyl halides should also react in a similar manner to the hydroxyl
terminateddiamond surface.
Once a diamond-based HPLC column is successfully created and used, the added
stability, reusability and consistency of these diamond columns will exceed that of its similarly
functionalize silica-based counterparts. This strength comes from the urethane and/or ester
linkages which bind the diamond and the functional group together. This will result in greater
stability at more extreme pHs and the disubstituted α-carbon should help increase the stability
further in basic conditions.
While invention has been described with reference to certain specific embodiments and
examples, it will be recognized by those skilled in the art that many variations are possible
without departing from its scope and spirit, and that any invention, as described by the claims, is
intended to cover all changes and modifications that do not depart from the spirit of the
invention.
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A8.5 Claims
1. A method for preparing modified diamond particles for use in chromatography
comprising reacting hydroxyl groups at the diamond surfaces with a reactive molecule to
introduce a desired functional group at the diamond surface.

2. A method for preparing modified diamond particles for use in chromatography
comprising reacting hydroxyl groups at the diamond surfaces with a reactive molecule to
introduce a desired functional group at the diamond surface, the reactive functional group being
one or more of an alkyl isocyanate, aryl isocyanate, an acid chloride with an aromatic group, an
acid chloride with an alkyl group, acid bromide, alkyl halide, aryl halide, benzyl halide, benzyl
triflate, benzyl mesylate, alkyl mesylate, alkyl tosylate, and alkyl triflate.

3. A method for preparing modified diamond particles for use in chromatography
comprising reacting hydroxyl groups at the diamond surfaces with a reactive molecule to
introduce a desired reactive functional group at the diamond surface, the reactive functional
group, in addition to a reactive site, having one of or more from alkyl groups, and aryl groups.

4. The method of claim 3 wherein the alkyl group is –(CH2)nCH3, where n = 0 – 25.

5. The method of claim 3 wherein the alkyl group is branched.

6. The method of claim 3 wherein the alkyl group is partially or fully fluorinated.
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7. The method of claim 3 wherein the aryl group is –C6H5.

8. The method of claim 3 wherein the aryl group is partially or fully fluorinated.

9. The method of claim 3 in which the reactive functional group comprises one or more
of alkyl isocyanate, aryl isocyanate, acid chloride with an aromatic group, acid chloride with an
alkyl group, acid bromide, alkyl halide, aryl halide, benzyl halide, benzyl triflate, benzyl
mesylate, alkyl mesylate, alkyl tosylate, and alkyl triflate.

10. A method for preparing modified diamond particles for use in chromatography
comprising reacting hydroxyl groups at the diamond surfaces with a reactive molecule to
introduce a desired reactive functional group at the diamond surface, the reactive functional
group, in addition to a reactive site, having one or both of an alkyl group, and an aryl group,
wherein the reactive functional group has more than one other group near the reactive site of the
molecule, which provides steric hindrance for adsorbed species.

11. A method for preparing modified diamond particles for use in chromatography
comprising reacting hydroxyl groups at the diamond surfaces with a reactive molecule to
introduce a desired functional group at the diamond surface, the reactive functional group being
one or more of alkyl isocyanate, aryl isocyanate, acid chloride with an aromatic group, acid
chloride with an alkyl group, acid bromide, alkyl halide, aryl halide, benzyl halide, benzyl
triflate, benzyl mesylate, alkyl mesylate, alkyl tosylate, and alkyl triflate.
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12. A method for preparing modified diamond particles for use in chromatography
comprising i) reacting diamond particles with an oxidizing agent that introduces carboxyl groups
at the surface of the diamond, ii) reducing said carboxyl groups to primary alcohols, and iii)
reacting the primary alcohols with a reactive molecule to introduce a desired functional group at
the diamond surface.

13. The method of claim 12 additionally comprising conducting a chromatography
process with the diamond particles, where the chromatography process is high performance
liquid chromatography (HPLC), ultra performance liquid chromatography (HPLC), solid phase
extraction chromatography, electrochromatography, size-exclusion chromatography,

ion

chromatography, or affinity chromatography.

14. The method of claim 13 in which the chromatography process is practiced at a
pressure of between 1000 psi and 15,000 psi.

15. The method of claim 12 in which the diamond surface is reduced with a reducing
agent prior to reacting with the reactive molecule.

16. The method of claim 15 in which the reducing agent is lithium aluminum hydride.

17. The method of claim 12 in which the reactive molecule contains C–H bonds.
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18. The method of claim 12 in which the reactive molecule contains an electrophilic site
and a leaving group.

19. A method for preparing modified diamond particles for use in chromatography
comprising i) reacting diamond particles with an oxidizing agent that introduces carboxyl groups
at the surface of the diamond, ii) reducing said carboxyl groups to primary alcohols, and iii)
reacting the primary alcohols with a reactive molecule to introduce a desired reactive functional
group at the diamond surface; the reactive functional group, in addition to a reactive site, having
one or both of an alkyl group, and an aryl group.

20. The method of claim 19 wherein the alkyl group is –(CH2)nCH3, where n = 0 – 25.

21. The method of claim 19 wherein the alkyl group is branched.

22. The method of claim 19 wherein the alkyl group is partially or fully fluorinated.

23. The method of claim 19 wherein the aryl group is –C6H5.

24. The method of claim 19 wherein the aryl group is partially or fully fluorinated.

25. The method of claim 19 wherein the reactive functional group has more than one
other group near the reactive site of the molecule, which provides steric hindrance for adsorbed
species.
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26. The method of claim 19 in which the reactive functional group comprises one or more
of alkyl isocyanate, aryl isocyanate, acid chloride with aromatic group, acid chloride with an
alkyl group, acid bromide, alkyl halide, aryl halide, benzyl halide, benzyl triflate, benzyl
mesylate, alkyl mesylate, alkyl tosylate, and alkyl triflate.

27. A method for preparing modified diamond particles for use in chromatography
comprising;
i) reacting diamond particles with an oxidizing agent that introduces carboxyl groups at
the surface of the diamond,
ii) reducing said carboxyl groups to primary alcohols, and
iii) reacting the primary alcohols with a reactive molecule to introduce a desired reactive
functional group at the diamond surface; the reactive functional group one or more of an alkyl
isocyanate, aryl isocyanate, an acid chloride with an aromatic group, an acid chloride with an
alkyl group, acid bromide, alkyl halide, aryl halide, benzyl halide, benzyl triflate, benzyl
mesylate, alkyl mesylate, alkyl tosylate, and alkyl triflate.

28. A method for preparing modified diamond particles for use in chromatography
comprising; treating diamond particle surfaces to produce hydroxyl groups on the surface,
treating the surfaces having hydroxyl groups with isocyanate or acyl halide to produce reactive
functional groups on the surfaces.

29. A method for preparing modified diamond particles for use in chromatography
comprising; treating diamond particle surfaces to produce hydroxyl groups on the surface,
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treating the surfaces having hydroxyl groups with isocyanate or acyl halide to produce reactive
functional groups on the surfaces; reactive functional groups having more than one other group
near the reactive site of the molecule, which provides steric hindrance for adsorbed species.
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